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PREFACE  TO  THE  SECOND  EDITION. 

I   have  been  encouraged,  by  the  kindness  with  which 
this  work    has   been    received,   to  take    some  pains  in 


revising  it. 


A.  D. 


PREFACE  TO  THE  FIRST  EDITION. 

In  the  following  pages  I  have  endeavoured  to  give,  in 
terms  as  simple  as  the  nature  of  the  subject  will  permit, 
a  connected  account  of  the  leading  principles  of  modern 
physical  science. 

My  aim  has  not  been  to  build  up  a  mere  compendium 
of  physical  facts,  but  rather  to  put  the  reader  in  possession 
of  such  principles  as  will  enable  him  with  small  difficulty 
to  apprehend  and  to  appreciate  those  facts. 

I  am  regretfully  aware  of  many  material  omissions. 
The  subject  of  Natural  Philosophy  is  so  vast  that  many 
things  which  in  themselves  are  by  no  means  devoid  of 
importance — but  to  which  different  writers  would  perhaps 
be  inclined  to  attribute  different  degrees  of  importance — 
must  necessarily  be  laid  aside  in  the  course  of  the  prepara- 
tion of  a  text-book  of  limited  size.  One  of  these  omissions, 
which  my  own  love  of  the  developmental  history  of  science 
made  me  decide  upon  with  extreme  unwillingness,  is  that 
of  the  history  and  the  personal  aspect  of  scientific  dis- 
covery. As  a  general  rule,  the  names  of  discoverers,  even 
where  they  are  mentioned,  play  a  very  subordinate  part  in 
the  text. 

At  the  same  time,  I  trust  that  the  reader  of  this  work 
will  find  that,  after  assimilating  its  contents,  he  is  in  some 


Vlll  PREFACE. 

measure  prepared  for  the  reception  of  further  information 
in  the  course  of  that  wider  reading  and  practical  study  to 
which  I  hope  the  following  pages  will  be  found  fitted  to 
serve  as  an  elementary  introduction. 

It  is  wholly  beyond  question  that  to  him  who  desires 
to  become  a  physicist,  Practical  Laboratory  Work  is 
absolutely  essential.  Thorough  knowledge  must  be  drunk 
in  by  the  eyes  and  the  ears,  and  absorbed  by  the  finger- 
tips ;  and  the  true  use  of  a  book  of  this  kind  is,  I  take 
it,  not  to  replace  practical  work  but  to  economise  the 
labours  of  the  student.  This  it  may  do  by  so  furnishing 
his  mind  with  a  store  of  general  principles,  that  when 
he  comes  to  enter  a  physical  laboratory  he  may  there  find 
around  him,  in  the  concrete  form,  a  collection  of  pieces 
of  apparatus,  the  construction  and  the  action  of  which 
he  is  able,  by  the  application  of  the  principles  already 
familiar  to  him,  promptly  and  intelligently  to  comprehend. 
Bearing  the  necessary  limitations  of  the  usefulness  of  any 
mere  book  steadily  before  me,  I  have  endeavoured,  as  far 
as  possible,  to  simplify  and  generalise  all  descriptions  of" 
apparatus,  and  in  the  same  way  to  simplify  and  generalise 
the  accompanying  diagrams ;  and  thus  I  have  tried  not 
only  to  adapt  the  work  to  the  requirements  of  those  who 
may  use  it  as  a  stepping-stone  to  further  attainments, 
but  also  to  render  it  a  suitable  text- book  for  that  larger 
circle  of  readers  who,  having  no  distinct  desire  to  follow 
out  the  special  study  of  physics,  may  yet  wish  to  possess 
an  elementary  acquaintance  with  the  modern  aspect  of 
natural  philosophy. 

This  book  was  primarily  designed  as  a  contribution 
to  Medical  Education,  and  as   such  I  hope  it  may  be 
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(bond  useful  That  arrangement,  which  still  prevails  in 
some  of  our  Universities,  under  which  a  student  of 
medicine  may  even  proceed  to  the  degree  of  M.D.  with- 
out any  adequate  knowledge  of  physics,  is  self-evidently 
opposed  to  common  sense,  and  to  the  exigencies  of 
physiological  study  and  of  medical  practice.  Such  an 
momaly  cannot,  it  may  be  anticipated,  endure  much 
longer.  Before  many  years  are  over  it  will  be  univer- 
ly  acknowledged  in  practice,  as  it  already  is  in  theory, 
that  knowledge  of  natural  philosophy  is  an  essential  part 
«»f  the  mental  equipment  of  the  medical  student  and 
o£  the  properly-trained  medical  man.  The  needs  of  the 
intelligent  student  of  physiology  have  been  kept  con- 
it  ly  before  my  mind,  as  I  hope  those  of  my  readers 
who  are  already  physiologists  will  recognise;  but  I  have 
been  careful  not  to  make  the  book  one  suited  for  admis- 
sion only  into  a  medical  class-room ;  my  aim  has  been  to 
produce  a  work  useful  at  once  to  the  Student  of  Medicine, 
the  Student  of  Seienee,  and  the  General  Reader. 

■  plan  of  the  work  is  that  of  a  gradual  progression 
from  the  simplest  to  the  more  complex.  N<»  preliminary 
knowledge  «»f  physical  principles  is  assumed,  and  every 
effort    I  11    made    to   attain    to   absolute  lucidity   of 

expression,  even  though  this  be  found  occasionally  to 
necessitate  the  frequent  repetition  of  a  single  word  in  the 
course  of  a  single  sentence.  While  the  reader  is  expected 
as  he  reads  each  page  to  remember  the  contents  of  the 
ceding  \  I  trust  that  I  have  sufficiently  carried  out 

m  ion  of  nowhere  setting  before  him  anything 
-   nature  of  an  unsolved  riddle,  so  far  as  that  could  be 

t  by  my  own  efforts  on  his  behalf. 
b 
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I  have  endeavoured  to  secure  intelligible  continuity 
throughout  the  paragraphs  printed  in  larger  type,  and 
thereby  to  enable  the  reader  on  his  first  perusal  to  confine 
his  attention  to  the  more  prominent  portions  of  the  text. 

However  imperfectly  its  design  may  have  been  exe- 
cuted, I  shall  be  glad  if  this  work  be  found  to  contribute 
in  any  degree  to  the  extension  of  that  mode  of  teaching 
Natural  Philosophy  for  the  establishment  of  which  we 
have  come,  directly  and  indirectly,  to  owe  so  much  to  the 
advocacy  and  example  of  Professors  Thomson  and  Tait — 
a  mode  of  teaching  under  which  the  whole  of  Natural 
Philosophy  is  regarded  as  substantially  a  single  science, 
in  which  scattered  facts  are  connected  and  co-ordinated 
by  reference  to  the  principles  of  Dynamics  and  the  great 
experimental  Law  of  the  Conservation  of  Energy. 


20th  February  1884. 
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SYMBOLS,  &c,  USED  IN  THIS  WORK. 


■+■ »  -  i  x  .  •*■ »  V      >  as  usual ;  ±  "  plus  or  minus." 

,     ..  ,.  ..  ,  .     „       .,       a                 ,,                    /b\            •      «.        «  sin  b 
/,    "  divided  by.       a/b  =  j  ;   a  sin  ft/c  =  a  sin  I  -  1 ;  a  sin  o./c  = ; 


a  +  b 


or  a  +  6./c  +  <i  +  e  =  , .      This   notation  is  due  to   Professors  De 

'  c  +  d  +  c 

Morgan  and  Stokes. 

oo  "infinity,"  a  quantity  exceeding  any  numerical  value  which  can  be  stated, 
l/oo  =  0. 

«  "  is  proportional  to  "  or  "  varies  as."  If  o  «  6c,  a  is  equal  to  some  constant 
number  x  be. 

a  >  b,  " a  is  greater  than  b  ;  "  a  <  b,  "  a  is  less  than  6." 

^  "  the  numerical  difference  between. "    a  ~  b  is  either  (a  -  6)  or  (6  -  a),  but 

is  itself  always  positive. 
The  *' numerical  sum "  of  +  10  and  -  10  is  20  ;  the  "algebraical  sum "  is  0. 
2H  or  2(H) ;  "algebraic  sum  of  all  the  HV* 
"Arithmetical  mean  "  of  a  and  b  is  £(a  +  f>) ;  of  a,  b,  c,  iL,  c,  is  \{a  +  b  +  c  +  d  +  c), 

etc. 
"  Geometrical  mean  "  of  a  and  6  is  */itb  ;  of  a,  b,  e,  d,  e,  is  f/abcde,  etc. 

109  =  1000,000000  ;  1  followed  by  nine  cyphers. 

10-*  =  1/10*  =  0-000000,001  ;  nine  cyphers  in  all,  or  eight  after  the  point 

a*  =  Va  ;  a'  =*  Vaa ;  a  ~  *  =  1/V«i  etc 

L,  "angle." 

Sin,  cos,  tan.  Refer  to  Fig.  12,  page  60 ;  the  triangle  ACD  is  right-angled  ;  AD 
is  the  "hypotenuse"  ;  the  angle  at  A  is  "a."  Then  CD/AD  =  "sin  a"  ; 
AC/AD  =  "  cos  a  "  ;  and  CD/AC  =  "  tan  a."  If  we  call  AD,  the  hypotenuse, 
"r,"  then  we  have,  in  the  right-angled  triangle,  the  side  CD  =  r.  sin  a  and 
the  side  AC  =  r.  cos  a.     Similarly  CD  =  r.  cos  b  and  AC  =  r.  sin  b. 

Sin  0*  =  cos  90°  =  0  ;  sin  80°  =  cos  60°  =  J  ;  sin  45°  =  cos  45°  =  1/V2  5  «n  60° 
=  cos  30s  =  V3  /2  ;  sin  90°  =  cos  0°  =  1.  Tan  0°  =  0  ;  tan  30'  =  1/V3~; 
tan  45°  =  1  ;  tan  60°  =  *J3~;  tan  90°  =  ». 


REMARKS,  Etc. 

Page  70,  problem  10,  answers ;  to  avoid  ambiguity,  delete  the  points. 

Page  77,  line  1 ;  AB'  should  be  A'B\ 

Page  95,  last  paragraph  ;  "  AB  and  CD  "  should  be  "  OA  and  OC,"  twice. 

Page  150,  Radii  of  Gyration  in  particular  cases :  It  should  be  explained  that  in 
No.  1  the  point  of  suspension  is  the  extremity  of  the  rod. 

Page  307,  line  9  from  the  bottom  ;  carbonic  acid,  should  be  oxide. 

Page  350,  line  8  from  the  bottom  ;  the  divisor  Z,  should  be  l0. 

Page  611,  Secondary  Colls.  Observe  that  Pb03  and  Pb  in  a  secondary  cell  have 
the  same  relation  to  one  another  as  Cu  and  Zn  in  an  ordinary  cell.  The  current 
flows  in  the  connecting  wire  from  PbO,  to  Pb,  though  the  former  is  electro-negative 
to  the  latter. 

Pago  623,  line  13  ;  r  should  be  2r. 


The  author  takes  with  pleasure  the  opportunity  of  remarking  that,  on  revision  of 
the  machined  sheets  as  sent  to  the  binders,  he  has  not  succeeded  in  lighting  u|>on  a 
single  error  purely  due  to  misprinting. 
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INTRODUCTORY 


Natural  Philosophy  or  Physics  may  be  briefly  defined  as  the 
Science  of  Matter  and  Energy.     This  definition  is  duo  which  is 
Ollj  comprehensive  enough  to   jnolflde  within  its  range  the 
Chemistry  and  of  Biology  as  well  as  of  Chemical  and 
"logical  Physics.     Chemistry  is  in  truth  but  a  colony  of 
facts   closely  related    to  one    another,  and    elftlificd    by   us   on 
principles  which  depend  almost  entirely  upon  our  ignorant 
the  fundamental  nature  of  the  relation   between  those  apparently 
different  form-  of  Hatter  which  WB  know  as  the  various  Chemical 
Elements;    and    the    consummation    of   Chemistry,  a   full    and 
accurate    knowledge    of   the    inner    mechanism    of    all    chemical 
reactions,  would  probably  result  in  the  absorption  of  all  Chemistry 
in  the  wider  of   Molecular  Physics.     In  the  meantime 

the    fundamental    unity  of   the    bwc    nominally    distinct    sci 
Chemistry  and   Physics,  is  shown   by  the  extent  to  which  fchey 
overlap  one  another  in  the  field  of  Chemical  Physics. 

Physiology,  again,  or  in  a  wider  sense  Biology,  is  concerned 
with  the  :i  Hi  the  niergy  of  living  beings;  and  if  it  ever 

come   to  attain  it  i,  ideal,  even   Biology   must    thereupon 

necessarily  merge  in  Natural  Philosophy.     Already  we  see  that 

al  research  is  steadily  conquering  the  unknown, 
that  which  it  succeeds  in  thoroughly  explaining  falls  out  of  its 
grasp  and  comes  to  form  a  part  of  ordinary  physical  or,  it  may 
in  the  meantime  be,  of  ordinary  chemical  knowledge. 

We  may  now  more  amply  define  Natural  Philosophy  or  Physics 
as  the  systematic  exposition  of  the  Phenomena  and  Properties  of 

_y  in  so  far  as  these  phenomena  and  properties 
can  be  stated  in  terms  of  definite  Measurement  end  explained  by 
reference  to  mechanical  principles  or  Laws. 
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Here,  again,  we  must  admit  that  our  definition  is,  in  the 
present  state  of  our  knowledge,  too  ideal.  A  perfect  and  accurate 
physical  knowledge  even  of  the  simplest  actual  phenomenon 
would  imply  absolute  omniscience.  Often  we  find  that  we  can 
measure  but  not  explain  the  phenomena  of  Nature ;  and  we  find 
at  the  very  outset  of  our  exposition  that  we  are  compelled  to 
confess  entire  ignorance  as  to  the  very  nature  of  our  subject- 
matter  ;  for  we  do  not  know  what  Matter  is. 

To  us  the  question,  What  is  Matter? — What  is  the  essential 
basis  of  the  phenomena  with  which  we  may  as  physicists  make 
ourselves  acquainted  ?— appears  absolutely  insoluble.  Even  if 
M  became  pcrfeotlj  and  certainly  acquainted  with  the  intimate 
structure  of  we  would   but  have  made  a  further  step  in 

the  study  of  its  properties  ;  and  as  physicists  we  are  forced  to  say 
that  while  somewhat  lias  been  learned  as  to  the  properties  of 
Matter,  its  essential  nature  is  quite  unknown  to  us. 

As  little  able  are  we  to  give  any  full  mid  satisfactory  answer 
to  the  question,  What  is  Euergy?  As  a  provisional  statement 
we  may  say  that  Energy  is  the  Power  of  doing  Work ;  a  rifle- 
bullet  in  motion,  a  coiled  watch-spring,  possesses  the  power  of 
doing  work  upon  other  bodies  suitably  arranged ;  but  plainly  this 
power  depends  upon  the  relation  into  which  the  matter  which  is 
said  to  possess  it  is  brought  with  reference  to  other  matter,  and 
it  ultimately  dfffindi  upon  the  ]K>sition  of  one  set  of  particles 
of  matter  with  rtlftflliw  to  other  sets.  Since  Energy  depends, 
then,  upon  the  relative  position  of  particles  of  Matter,  we  are  not 
able  to  explain  its  own  essential  nature,  though  we  may  acquire 
a  considerable  amount  of  information  as  to  its  very  remarkable 
properties. 

These  properties  of  Energy,  those  of  Matter,  their  mutual 
relations,  and  the  laws  which  govern  these,  constitute  the  subject- 
matter  of  Natural  Philosophy  ;  and  these  properties  and  laws  have 
been  ascertained  by  observation,  by  measurement,  and  by  judicious 
reasoning  upon  the  data  supplied  by  investigation. 

In  the  investigations  upon  which  Natural  Philosophy  is 
l'Uinded,  the  guiding  principle  is  a  belief,  based  on  the  recordid 
experience  of  the  human  race,  in  the  Constancy  of  the  order  of 
Nature.  This  does  not  mean  that  things  are  to  continue  for 
ever  as  they  are  at  present.  If  a  closed  boiler  containing  water 
be  heated  to  a  certain  temperature,  the  Constancy  of  Nature 
would  not  be  interfered  with  by  the  consequent  explosion  of  the 
boiler;    it  would  be   seriously  infringed   if  the   boiler   did   not 
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hurst.  So,  again,  if  volcanic  eruptions  thrust  up  mountain  ranges 
through  a  flat  plain,  as  in  the  case  of  the  Kocky  Mountains,  or  if 
a  crack  in  the  earth's  crust  allow  a  flood  of  lava  to  flow  over  a 
wide  region,  as  in  the  geological  history  of  Idaho,  such  a  cataclysm 

-Id  appear  to  be  an  awful  break  in  the  uniformity  of  Nfttoi 
yet  if  the  earth's  crust  be  so  pressed  upwards  that  it  can  resist 
no  further  pressure,  the  Constancy  of  Nature  is  confirmed  by  its 
_'  way.  On  this  belief  in  the  Constancy  of  Nature  are 
all  rational  calculations  of  eventualities,  and  all  our 
its  from  day  to  day,  which  are  subject  to  the  transpiry 
of  facts  unknown  or  unforeseen  at  the  time  when  these  arrange- 
ments were  made. 

This    belief    finds    formulated    expression    in    the    Law    of 
Causality,  which  Affirms  that  every  effect  has  a  sufficient  cause. 
If  we  observe  any  given  phenomenon,  we  conceive  ourselves  cu- 
bed as  the  result  of  all  experience  to  enquire  into  its  cause,  and 
conversely,  to  affirm  that  if  there  be  no  cause  Lending  to  produce 
change  in  any   particular  respect  in   the   present   condition   of 
filings,  there  will  in  that  respect  be  no  changa     It  is  scarcely 
^ssary  here  to  investigate  the   meaning  of  the  word  Cause 
itself;    it  will  be  quite  sufficient  to  point  out  that  for  us  tin- 
i  of  Cause  and  Effect  is  one  of  Sequence,  found  to  be 
invariable  if  not  interfered  with  by  the  intervention  of  circum- 
stances which  render  cases  dissimilar.     In  similar  cases,  the  same 
causes  axe  observed  to  be  followed  by  the  same  effects.     It  is 
plain,  however,  that  the  same  effects  are  not  always  and  neces- 
sarily the  results  of  the  same  causes ;  and  when  different  causes 
are  found  to  produce  the  same  effects  they  are  equivalent  in 
tiveness  to,  and  may  be  substituted  for,  one  another. 
Again,  the  principle  may  be  stated  that  the  cause  is  equiva- 
lent and  in  proper  terms  of  measurement  numerically  equal  to 
effect  produced  by  it.     Apparent  exceptions  to  this  statement 
arise  only  when  the  problem  is  not  of  the  extremely  simple  form 
which  one  cause,  and  one  cause  alone,  is  brought  into  play.     It 
is  not,  except  in  a  loose  popular  sense,  the  heat  of  the  spark 
;ch  causes  the  explosion  of  a  magazine  and  consequent  destruc- 
tion of  property ;  it  is  not  drawing  the  trigger  which  is  the  cause 
of  the  bullet's   leaving  the    gun.      The  heat  of    the  spark,   the 
drawing  of  the  trigger,  is  necessary  as  one  cause  out  of  several ; 
but  the  problem  is  not  here  so  simple  that  these  can  be  adduced 
as  cases  in  which  the  effect  is  greater  than  the  cause.     They  only 
point  out  an  extended  statement  that  the  total  effect  produced  is 
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equivalent  to  the  effective  sum  of  the  causes  acting;  and  when 
one  of  the  causes  acting  is  an  arrangement  of  matter  which  is 
explosive  or  in  unstable  equilibrium,  ready  to  topple  over  so  as  to 
assume  a  stable  position,  the  effect  produced,  though  apparently 
greater  than  the  small  disturbance  which  disarranged  the  unstably- 
balanced  matter,  must  be  traced  not  to  it  only,  but  to  all  the  con- 
ditions and  circumstances  involved,  including  the  unstable  equili- 
brium, the  antecedent  cause  of  whi>h  may  itself  be  sought  for. 

It  several  causes  act  simultaneously,  each  produces  only  a 
part  of  the  aggregate  effect,  and  the  total  effect  is  equal  to  the 
sum  of  the  acting  causes.  Under  the  name  of  Galileo's  principle 
this  is  one  of  the  fundamental  truths  of  physics,  and  is  thus 
enunciated : — If  a  body  be  acted  on  by  two  or  more  Forces  (force 
being  meanwhile  defined  as  any  cause  of  moti<  MOh  of  these 
forces  acts  independently,  and  produces  its  own  effect  without 
inference  to  the  others,  the  total  effect  produced  being  ascertained 
by  fimling,  in  any  appropriate  way,  the  sum  of  the  effects  due  to 
the  several  forces.  A  cannon-ball,  for  instance,  fired  from  a 
height,  is,  as  it  passes  through  the  air,  under  the  influence 
least  two  forces  or  causes  of  motion  :  the  foree  marled  upon  the 
hall  daring  the  explosion  sends  the  ball  forwards,  fi. 
continuously  draws  it  downwards.  If,  for  the  sake  of  convenience, 
we  neglect  the  resistance  of  the  air,  and  enquire  what  would  be 
tin-  path  pursued  by  a  shot  travelling  M  we  would  rind  by 

making  use  of  this  principle  that  fi  [00  of  the  ahot  at  any 

moment  would  be  found  by  enquiring  (1)  How  fur  outwards  the 
■hot  would  have  been  |  rejected  had  there  been  lm  h-udeiicy  to 
fall;  and  (2)  Bow  far   the   ball  would  have  fallen  if  gravity 

acted  on  it  For  any  specified  instant  a  point  may  in  this 
way  be  found,  whieh.  being  both  so  far  outwards  and  so  far  down- 
wards, must  be  the  position  of  tho  ball  at  the  ffiftnnt  in  question ; 
.nid  by  thus  Boding  tie-  position  of  the  hall  at  several  separate 
suooeediiiL  i  of  time,  we  may  find  the  curved   path  which 

a  ball  fired  in  vacuo  would  traverse.     This  principle  of  the  i 
ppndence  of  simultaneously-acting  causes  was  an  experimental 

••TV  of  Galileo's:  before  his  time  it  was  held  as  self-ev 
truth  that  one  cause  must  cease  to  act  before  another  can  com- 
mence to  do  so;  and  it  was  accordingly  believed  that  when  a 
projectile  was  shot  into  the  air,  the  force  of  projection  must  be 
expended  and  dissipated  before  any  tendency  to  fall  to  the  earth 
could  assert  itself. 

Experimentation. — When  we  learn  that  a  certain   pheno- 
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menon  is  due  to  a  congeries  of  causes  we  may  arrange  matters 
so  as  to  prevent  one  of  the  ordinarily  -  acting  causes  from  pro- 
ducing its  effect,  and  then  we  may  observe  in  what  respect  the 
resultant  phenomenon  now  produced  differs  from  that  usually 
Thus  we  may  find  the  way  in  wliich  a  given  cause  acts, 
■•e  may  directly  arrange  matters  so  that  a  given  cause, 
and,  as  far  as  possible,  that  cause  alone,  shall  act,  and  we  may 
then  observe  what  happens.  The  principle  of  the  Constancy  of 
'ure  shows  us  that  like  causes  will  always  produce  like  results ; 
and  if  we  find  that  by  ingeniously  varied  interrogations  of  Nature 
re  have  obtained  as  reply  an  assurance  that  certain  causes  are 
lied  to  certain  effects,  we  feel  assured  that  the  same  causes  and 
same  effects  will  continue  to  be  so  allied.  This  assurance  is 
he  only  basis  of  the  art  of  Experimentation.  By  this  art  we 
ne  acquainted  with  the  constant  modes  in  which  events 
•  w  one  another  in  the  material  world,  these  modes  being  the 
Laws  of  Nature  arbitrarily  appointed,  and  only  to  be  learned  by 
as  through  the  instrumentality  of  our  own  experimental  enquiry, 
or  else  through  attentive  consideration  of  the  varying  phenomena 
of  the  Universe,  "experiments  made  at  Nature's  own  hand." 

Newton's  Laws  of  Motion  or  Axioms. — If  a  body  be  at  rest 
fit  will  remain  at  rest:  if  in  motion  it  will  continue  to  move  until 
Dpped  by  friction  or  some  external  force.  Here  we  find  the 
word  Force  meaning  not  only  that  which  causes  motion,  but  also 
that  which  arrests  motion.  Experiment  shows  us  that  this  is  true 
in  reference  to  bodies  which  are  at  rest,  I'm  they  remain  at  rest  if 
undisturbed;  but  it  also  shows  that  among  bodies  which  are  in 
motion,  it  is  only  those  which  are  moving  in  a  Straight  Line 
bain  their  course  unaffected  when  allowed  to  move  unex- 
to  the  action  of  any  disturbing  cause.  Bodies  which  are 
paths,  such  as  sling-stones,  do  not  retain  their 
curved  paths  when  liberated,  but  continue  their  course  in  a  straight 
line  in  that  direction  in  which  they  happi  aed  to  be  moving  at  the 
instant  of  release  from  constraint.  Hence  Newton,  in  his  First 
iw  of  M  vs,  "Every  body  tends  to  persevere  in  its 

state  of  Rest  or  of  Uniform  Motion  in  a  Straight  Line 
unless  in  so  far  as  it  is  acted  on  by  impressed  Force," 
and  this  is  tersely  expressed  by  saying  that  "  Matter  has  Inertia." 
If  a  single  force  act  upon  a  body  which  is  at  rest,  the  body 
will  begin  to  move  in  a  straight  line;  ami  further,  the  greater  the 
force,  the  more  rapid  will  be  the  motion  of  the  body  acted  upon. 
If  the  body  be  already  in  motion,  the  force  acting  upon  it  will 
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cause  it  to  move  more  rapidly  or  more  slowly  in  the  same  straight 
line  or  else  in  a  deflected  course.  Experiment  shows  that  every 
force  has  a  definite  direction  in  which  it  tends  to  cause  a  body  to 
whether  that  body  be  already  under  the  action  of  other 
forces  or  not.  Thus  the  words  of  Newton,  in  his  Second  Law  of 
Motion,  are:  "Change  of  Motion  is  proportional  to  the 
impressed  Force,  and  takes  place  in  the  direction  of  the 
Straight  Line   in   which  the  force  acts." 

The  word  Motion  in  this  law  is  now  rendered   Momentum  (p.  19). 

The  third  of  the  Laws  of  Motion  which  Newton  formulated 
as  axiomatic  is  the  following — "To  every  Action  there  is 
always  an  equal  and  contrary  Keaction  ;  or  the  mutual 
actions  of  any  two  bodies  are  always  equal  and  oppo- 
sitely directed."  The  truth  of  this  statement  is  based  upon 
experimental  evidence,  but  its  universal  applicability  is,  after  con- 
sideration, seen  to  be  reasonable  enough;  and  in  this  sense 
Newton  uses  the  word  Axiom. 

When  a  shot  is  fired  from  a  gun,  if  the  gun  be  free  to  move  there  is  con- 
siderable recoil,  the  shot  moving  forward  and  the  gun  backward*.  If  the  gun 
be  fixed  to  the  ground,  the  shot  is  apparently  the  only  thing  which  moves. 
If  the  shut  were  held  fast  and  the  gun  were  free  to  move,  the  gun  would 
more  backwards.  In  this  case  we  see,  then,  that  to  the  action  which  impels 
the  shot  forward  there  in  a  contrary  reaction  which  impels  the  gun  back- 
wards ;  and  in  the  sequel  we  shall  learn  what  evidence  there  is  for  the  state- 
ment that  that  reaction  is  equal  to  the  action. 

When  a  man  walks  on  firm  ground,  the  action  of  his  legs  in  locomotion 
tends  to  separate  his  body  from  the  ground  at  each  step.  The  action  which 
tends  to  raise  his  body  is  contrary  to  the  reaction  tending  to  depress  the 
earth,  and  at  •  ;    the  earth  is  pushed  down  as  a  whole,  or  else  if  the 

soil  be  soft  it  yields  locally  and  the  feat  sinks.  Hence  the  difficulty  experi- 
enced in  getting  out  of  boggy  soil  ;  the  soft  mud  yields  under  the  foot  at 
each  effort  made  by  the  ituiividuul,  so  that  every  step  causes  him  to  sink 
more  dee] 

When  a  horse  is  loosely  harnessed  to  a  car,  it  may  sometimes  be  observed 
that  an  inexperienced  animal  starts  forward  quickly  ;  but  suddenly  the  traces 
•  n,  the  ear  is  jolted  forward,  and  the  horse  is  jolted  backwards. 

If  a  locomotive  with  a  heavy  train  l>e  muldeuly  started,  it  will  be  seen 
that  its  wheels  may  uselessly  turn  round ;  it  has  given  a  ttudden  pull  to  th> 
carriages,  and  their  reaction  upon  it  is  equivalent  to  a  backward  pull  given 
to  a  moving  engine. 

The  earth  attracts  the  moon,  and  the  moon  equally  attracts  the  earth. 
The  former  attraction  mainly  keeps  the  moon  in  her  orbit,  and  the  latter  is 
one  of  the  causes  of  tidal  phenomena. 

When  a  stone  is  thrown  upwards  from  the  earth,  the  earth  is  thrown 
back  by  recoil,  and  moves  downwards  to  a  very  small  extent  as  long  as  the 
stone  continues  to  ascend  :  when  the  stone  is  at  its  highest  point  the  earth  is 
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at  iu  lowest,  and  as  the  stone  fulls  the  earth  ascends  to  meet  it.     Thin  is,  of 
:-e,  not  Ui'  t  observation,  but  is  deduced  by  way  of  inference 

from  Newton's  third  law  of  motion,  which  ia  confirmed  by  all  phenomena, 
terrestrial  and  astronomical,  by  which  it  can  be  put  to  the  te9t 

The  next  statement  generally  applicable  is  that  of  the  Inde- 
structibility of  Matter.  This  is,  that  Matter  as  we  at  present 
know  it  cannot  be  destroyed  by  any  process  with  which  we  are 
acquainted.  The  limitations  of  this  statement  should  be  borne  in 
is  no  scientific  warranty  for  sajing  that  Matter  is 
absolutely  indestructible,  and  more  than  one  consideration  indicates 
that  the  structure  of  Matter  may  be  sucli  as  to  denote  that  in 

present  form  it  has  had  a  beginning  and  may  have  an  end. 
Within  our  experimental  knowledge,  however.  Matter  cannot  be 
destroyed :  and  when  it  apparently  disappears,  as  when  a  candle 
is  burned  In  the  air,  Chemistry  charges  itself  with  the  explanation 
of  that  disappearance,  and  shows  what  new  tonus  the  matter  has 

imed. 

Another  principle  of  the  greatest  possible  use,  and  entirely 
the  result  of  experiment,  is  that  of  the  Indestructibility  or  the 
Conservation  of  Energy.  Energy  has  been  provisionally  deft 
as  the  Power  of  doing  Work ;  and  this  doctrine  states  that  this 
power  of  doing  work  may  alter  its  form  but  is  never  destroyed. 
A  coiled  watch-spring  possesses  power  of  doing  work  in  virtue  of 
ita  distortion  ;  when  it  uncoils,  it  seems  to  lose  this  power  of 
doing  work,  but  the  Energy  thus  lost  is  transferred  to  other  bodies, 
while  Heat,  Light,  or  Sound  produced,  Work  done,  Electrical  Con- 
dition set  up.  Friction  overcome,  etc.,  present  the  missing  Energy 
in  several  apparently  dissimilar  forms,  which  all  may  be  reduced, 
how.  \i  r,  to  two  types:  Energy  due  to  Motion;  Energy  due  to 
Displacement.  The  Energy  of  a  body  depends  on  the  advantage 
which  that  body  possesses  either  of  motion  or  of  position  :  the  loss 

:hat  advantage  can  only  occur  through  some  other  body  or 
bodies  simultaneously  acquiring  either  motion  or  an  advantage  of 
u.  If  Energy  disappear  in  one  form,  it  will  reappear  in  one 
or  several  others,  and  none  of  it  is  ever  lost,  though  it  may  assume 
ich  a  form  that  it  is  no  longer  a  power  of  doing  work  avail- 
able to  man,  namely,  the  form  of  uniformly  diffused  Heat.  The 
principle  of  the  <  'onservation  of  Energy,  which  is  so  important 
that   the   whole   of  Natural   Philosophy  may  be   said   to   be   a 

nmentary  on  it,  will  be  better  understood  when  the  laws  of 
nergy  have  been  discussed,  as  they  will  be  at  greater  length  in 
Chapter  IV 


s 


THE  PRINCIPLES  OF  PHYSICS. 


A  corollary  to  this  principle  takes  the  fonn  of  a  statement  of 
fine  belief  that  The  Perpetual  Motion  is  impossible :  if  the  sum  of 
tin*  Energy  in  the  1'iiivcrse  be  constant,  no  machine  in  which  this 
energy  is  employed  in  doing  work,  in  which  friction  is  overcome, 
in  which  sound  is  pn-dm .-■  d,  and  so  on,  can  possibly  go  on  for 
ever,  for  the  reserve  of  energy  at  its  disposal  will  ultimately  be 

lusted  and  become  useless  to  that  machine.  Even  the  tides 
will  ultimately  cease,  as  the  earth  loses — we  know  it  is  losing — 
speed  in  its  daily  rotation  round  its  own  a 

It  cannot  be  too  strongly  insisted  on  that  these  general 
principles,  the  Constancy  of  Nature,  the  Law  of  Causality. 
lileo'fl  principle,  the  three  laws  of  Motion,  the  Indestructibility 
of  Matter  ami  of  Kuergy,  are  of  no  value  for  us  except  in  so  far 
as  they  are  supported  by  experimental  evidence.  They  are 
grouped  together  here,  for  the  Statement  of  them  is  necessary  for 

prehension  of  the  results  which  have  been  obtained  through 
their  aid  We  are  not  here  called  upon  to  go  through  the  steps 
by  which  they  have  been  arrived  at,  but  we  must  bear  in  mind 
that  do  "  priori  deduction  of  them  by  any  metaphysical  reasoning 
is  for  a  moment  admissible.     The  doctrine  of  the  Conservation  of 

ample  when  stated  as  the  result  of  experim- 
and  its  simplicity  has  led  to  statements  that  the  contrary  is 
unthinkable.,  and  that  a  belief  in  this  doctrine  is  deeply  grounded 
hi  the  constitution  of  the  mind  of  man  ;  but  all  conclusions 
derived  from  such  reasoning  must  be  regarded  with  suspicion,  for 
we  must  take  waning  by  the  example  of  the  ancients,  who  bettered 
circular  motion  to  be  perfect  and  heavy  bodies  to  fall  faster  than 
light  ones,  until  experimental  evidence  was  adduced  to  the  con- 
trary. The  truth  of  the.se  principles  must  be  proved  by  their 
perfect  accord  with  the  phenomena  which  we  may  actually 
observe,  and  by  their  enabliug  us  to  predict  results  of  hitherto 
untried  experiment!  which  agree  with  those  actually  obtained. 
Exact  science  depends  directly  for  its  facts  and  indirectly  for 
its  principles  upon  experimental  evidence,  and  the  true  place  of 
speculative  imagination  in  scientific  work  is  the  conception  of  new 
combinations  of  circumstances,  and  hence  of  new  Soldi  of  e.\j»cri- 

utal  Research,  as  also  the  construction  of  Hypotheses  which 
i'lain  and  co-ordinate  observed  facts,  and  which,  when  they  are 
md  to  do  this  consistently,  are  raised  to  the  rank  of  accep 
Theories, 


CHAPTER   I. 

TIME,  SPACE,  AND  MASS. 

So  far  as  man's  knowledge  of  phenomena  occurring  around  him 
has  become  accurate,  it  has  been  obtained  by  means  of  precise 
Measurement;  and  the  Fundamental  Units  in  terms  of  which 
every  measurement  must  be  executed  are  those  of  Time,  Space, 
and  Mass. 

The  unit  of  Time  is  usually  taken  as  one  Second,  and 
the  time  during  which  phenomena  appear  or  are  observed  is 
reckoned  in  seconds,  unless  motives  of  obvious  convenience 
cause  it  to  be  reckoned  in  minutes,  hours,  days,  years,  or  cen- 
turies. The  second  is  usually  a  second  of  mean  solar  time — 
that  is  to  say,  the  g6|0Qth  part  of  the  average  length  of  a 
solar  day. 

The  solar  day  is  the  period  which  elapses  between  the  sun's  crossing  the 
meridian,  or  being  situated  directly  south  (or  in  the  southern  hemisphere, 
directly  north)  of  a  place,  and  the  next  occasion  on  which  it  crosses  that 
line.  The  sidereal  day,  in  the  same  way,  is  the  interval  between  two 
successive  transits  of  any  fixed  star.  The  sidereal  days  are  shorter  than  the 
solar ;  they  are  constant  in  length,  because  a  sidereal  day  is  the  time  of  one 
complete  rotation  of  the  earth  round  its  axis ;  but  the  solar  day  is  not  con- 
stant in  length.  A  clock  can  keep  time  with  the  stars,  and  keep  good 
"  sidereal  time ;"  but  a  clock  of  ordinary  construction  does  not  always  indicate 
noon  when  the  sun  is  highest  in  the  heavens ;  it  is  sometimes  apparently 
14j  minutes  fast,  and  sometimes  appears  to  be  16^  minutes  slow.  A  good 
clock,  however,  is  one  which  measures  off  and  indicates  as  twenty-four  hours 
a  period  of  time  equal  to  the  average  length  of  the  solar  day  for  a  year  or 
a  century  or  an  age,  and  such  a  clock  is  said  to  keep  "  mean  solar  time ;" 
while  the  Second  used  in  physical  measurements  is  the  second  as  indicated 
by  a  clock  such  as  this;  and  it  is  the  31,558,150th  part  of  a  sidereal,  the 
31,556,929th  part  of  a  solar  or  tropical  year. 

Space. — When  a  single  point  moves  it  describes  a  Line :  if  it 
travel  by  the  shortest  distance  between  two  points,  its  path  is  a 
straight  line;  and  a  line  is  an  example  of  space  of  one  dimension. 
Movement  and  measurement  may  be  effected  in  a  forward  or  a 
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backward  direction  along  it,  but  as  a  line  has  neither  breadth  nor 
kness  there  can  be  no  other. 

I  >istance  along  a  straight  line  may  be  measured  iu  one  direc- 
tion arbitrarily  chosen;  let  this  be,  for  instance,  the  direction 
from  left  to  right ;  if,  then,  a  point  travel  towards  the  right  its 
imition  is  positive,  if  to  the  left,  negative.  If  it  move  a  inches  to 
the  right  and  then  b  inches  to  the  left,  its  distance  from  the  start- 
ing point  becomes  a  —  o;  while  if  it  first  go  b  inches  to  the  left 
and  then  a  to  the  right,  its  position  will  become  —  b  +  a  from 
that  point;  and  these  two  positions  are  the  same,  for  a  —  b  = 
—  6  +  a.  Hence  we  learn  that  if  a  point  move  backwards  and 
forwards  by  varying  amounts  along  a  line,  it  does  not  matter  in 
what  order  it  performs  these  operations:  the  spot  ultimately 
arrived  at  will  be  the  same  in  all  cases. 

In  order  to  effect  measurements  along  lines,  we  require  a 
standard  of  length.  This  is  taken  as  the  Foot  or  the  Metre. 
The  British  standard  yard,  which  is  equal  to  three  feet,  is  defined 
by  law  as  "  the  distance  between  the  centres  of  the  transverse* 
lines  in  tli<  two  gold  plugs  in  the  bronze  bar  deposited  in  the 
office  of  the  Exchequer"  at  the  temperature  of  62'  F.  A 
number  liorised  copies  of  this   have  been   made  and  are 

deposited  at  the  Royal  Mint,  the  Royal  Observatory  at  Green- 
wich, the  New  Palace  at  Westminster,  and  under  the  care  of  the 
Royal  Society  of  Loudon. 

The  Metre  is  the  distance,  at  the  temperature  of  melting  ice, 
between  the  ends  of  a  platinum  rod  preserved  in  the  Archives, 
and  of  which  copies,  to  regulate  French  commerce,  are  preser 
at  the  Ministers  de  l'lnterieure  in  Paris.  It  was  originally 
intended  to  represent  the  ten-millionth  part  of  the  distance  from 
the  Equator  to  the  Pole :  the  measurements  of  Delambre  and 
Mechain,  from  which  Bofdl  mads  the  standard  metre  according 
to  a  law  of  the  French  Republic  passed  in  1795,  have  been 
found  not  to  be  quite  correct,  for  the  earth's  quadrant  is  now 
known  to  measure  10,000,880  metres. 

The  metric  system  of  measurement  of  length  is  decimal ;  ea.  h 
metre  contains   10  decimetres,  100  centimetres,  or  1000  milli- 
metres: 1000  metres  make  a  kilometre,  which  is,  roughly  speak - 
.  about  jj  (flfj)  of  a  mile;  one  metre  is  equal  to  39370431 96 
lies,  or  3*28087  feet;  a  decimetre  very  nearly  corresponds  to 
4   inches    (really   3937043196);   a  millimetre  is   very   nearly 
•jual  to  the  twenty-fifth  of  an  inch.     For  the  purpose  of  physical 
iieasurement  it  is  customary  and  convenient  to  make  use  of  the 
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Centimetre*  (-3937043196  inch)  as  a  unit  of  length. 
English  foot  is  equal  to  30  4 7972654  centimetres. 

A  plane  surface  has  length  and  breadth  but  no  thickness,  and 
is  therefore  said  to  be  space  of  two  dimensions.  Two  terms  are 
always  necessary  for  the  precise  statement  of  the  position  of  any 
point  on  a  surface.  The  position  of  a  ship  at  sea  is  determined 
when  its  latitude  and  its  longitude  are  known. 

The  position  of  a  point  a  on  a  plane  surface  is  determined  by  choosing  a 
fixed  point  O  as  the  origin ;  then  two  axes,  Ox  and  Oy,  are  chosen,  generally 
at  right  angles  to  one  another ;  a  A  is  drawn  parallel  to  Ox,  and  aB  parallel 
to  Oy,  and  the  point  a  is  said  to  be  situated  at  a  distance  OA  along  the  axis 
of  y,  and  OB  along  the  axis  of  x.  If  a  point  lie  at  the  same  time  three  miles 
to  the  north  and  four  miles  to  the  west  of  a  given  place,  its  true  position  (at 
the  distance  of  five  miles)  can  be  easily  indicated  on  a  chart.  The  symbols 
+  and  -  are  also  used  here  to  denote  that  the  measurement  is  to  one  side 
or  the  other  of  the  point  assumed  as  the  origin.  Points  to  the  right  of  O 
hare  a  positive,  points  to  the  left  a  negative,  value  of  Ox;  points  above  O 
have  a  positive,  points  below  a  negative,  value  of  Oy.     Thus  (Fig.  1)  the 
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point  a  has  abscissa  (or  line  cut  off  along  the  axis  of  x)  OB,  and  ordinate 
(cut  off  along  the  axis  of  y)  OA ;  the  point  a"  has  abscissa  -  OB  and  ordi- 
nate +  O A ;  the  point  a'"  has  abscissa  -  OB  and  ordinate  -  OA ;  that  at 
a""  has  abscissa  +  OB  and  ordinate  -  OA. 


•  It  is  worth  remarking  that  a  French  ten-centime  piece  measures  3  centimetres 
serosa,  while  a  five-centime  piece  has  a  diameter  of  2&  centimetres.  Similarly  an 
KngUah  halfpenny  measures  an  inch,  while  a  penny  measures  an  inch  and  a  fifth. 
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The  Area  of  a  Surface  may  be  measured  if  we  fix  upon  a 
standard  unit  of  area.  The  unit  of  length  may  be  made  use  of 
LD  order  to  obtain  this.  If  a  square  be  constructed,  one  of  whose 
M  is  one  foot  or  one  centimetre,  we  shall  have  a  unit-surface 
whose  area  is  known  as  one  square  foot  or  one  square  centimetre  ; 
and  the  areas  of  other  surfaces  may  be  measured  by  comparison 
with  these  standards, 

A  Solid  has  length,  breadth,  and  thickness,  and  is  said  to 
occupy  space  of  thr<  usions.     The  position  of  any  point 

in  tridimensional  space  requires  three  numerical  terms  for  its 
exact  statement  The  position  of  a  balloon,  for  instance,  will 
be  definitely  known  if  the  latitude  and  longitude  of  the  spot  over 
which  it  stands  and  its  height  above  that  spot  he  ascertained. 

Three  terms  are  also  required  to  define  the  position  of  a  star:  the 
telescope  has  to  move  so  much  "in  azimuth"  round  a  vertical  axis;  1 1 1 •  a 
ao  much  in  "altitude"  round  a  horizontal  axis;  and  thirdly,  the  distance  of 
the  star  in  a  straight  line  mast  he  known. 

A  cube  whose  side  is  one  foot  or  one  centimetre — that  is,  a 
cubic  foot  or  a  outrie  i  •■  nfcfrnetre — serves  as  the  unit  of  volume. 
For  convenience  sake  other  units  of  volume  are  often  chosen,  such 
as  the  cubic  inch,  Hie  cubic  decimetre  (otherwise  known  as  I 

liquid  measure,  one  Litre),  the  cubic  metre,  and  so  forth. 

The  remaining  fundamental  idea  involving  measurement  is 
that  of  Mass,  or  quantity  of  Matter.  The  notion  implied  in 
this  term  is  <mite  distinct  from  that  of  Weight  The  weight  of 
a  certain  quantity  of  matter  depends  upon  the  presence  and 
nearness  of  other  matter,  which  attracts  it  according  to  the  w<-ll- 
kiiown  law  of  Gravitation-  This  may  and,  even  within  our 
terrestrial  observation,  does  vary ;  the  effect  of  gravity  on  a  given 
mass — t'  -  say.  its  Weight — is  greater  as  we  near  the  Poles 

than  it  is  at  the  Equator;  and  the  weight  of  a  substance  vaic 
therefore,  according   to  local  causes,  while  the  mass  or  quantity 
of  matter   D   it  remains   the   same.       Ceteris  paribus,  however, 
equal    masses   will    everywhere   counterpoise    one    another   in    a 
balance,  and  we  may  define  the  unit  of  mass  m  that  quantity 

ter  which  will  counterpoise  Q  ince  a  certain  standard 

mass  known  as  a  standard  Pound  or  Gramme. 

British  standard  Pound  is  a  piece  of  platinum  preset  - 
in  the  same  place  as  the  standard  yard,  while  antftOliscd  coj 
"f  it  are  preserved  at  the  same  institutions,     The  I  andard 

he  Kilogramme  (=1000  grammes),  made  of  platinum,  and 
preserved  at  the  Archives  in  Paris.     This  is  intended  to  liave  the 
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same  weight  as  a  cubic  decimetre  of  water  at  its  temperature  of 
maximum  density — that  is.  30"  C.  Since  a  kilogramme  contains 
a  thousand  grammes,  and  a  cubic  decimetre  a  thousand  cubic 
centimetres,  it  follows  that  the  gramme  is  intended  to  be  equal 
to  the  mass  of  one  cubic  centimetre  of  water  at  3*9°  C. 
Comparison  of  the  actual  standards  shows,  however,  that  a  litre 
of  water  weighs,  at  3*9°  G,  1*000013  kilogrammes,  and  a  cul 
centimetre  of  water  at  3*9°  C.  weighs  therefore  not  1  gramme,  hut 
1*000013  grm.  For  most  practical  purposes  the  intended  value 
ma;.  t-r,  be  taken  as  correct.     The  British  pound  avoir- 

ipois    weighs   7000    grains,    while    the    standard  \  kilogramme 
Pro£  W.  H.  Miller,  15432*34874  grains, 
and  the  gramme  16*43234874  grains. 

It  may  be  noticed  that  the  British  fluid  ounce  of  water  at  62s  F.  weighs 
one  ounce  avoirdupois;  that  a  pint  of  water  (20  fluid  ounces)  weight  tlur. 
for*  a  pound  and  a  quarter,  and  a  gallon  of  water  ten  pounds.     A  French 
franc-piece  weighs,  when  DAW,  five  grammea. 

I  ii  British  measurements  the  Foot,  the  Pound  and  the  Second 
may  be  used  as  the  fundamental  units.  In  British  Magnetic 
Observatories  the  units  em*  11  lately  were  the  Foot,  the 

Oram  and  the  Second. 

The  0.  G.  S.  System.- — For  the  international  convenience  of 
scientific  men  the  C.  G.  S.  or  Centimetre-Gramme- Second  system 
of  units  and  measurements  is  in  current  use. 

The  gramme  is  chosen  as  a  unit  rather  than  the  kilogramme,  the  centi- 
metre rather  than  the  metre;  firstly,  because  the  use  of  smaller  unit  - 
diminishes  the  need  for  working  with  decimal  fractions;  and,  secondly, 
because  on  the  Q  O.  S.  system  the  p.  205)  is  equal  feo  unit  \ , 

which  U  a  distinct  advantage.     If  the  kilogramme  and  the  metre  had   bra 

water — the  number  of  kilogrammes  in   a 
«Wc  metre — would  have  been  1000. 

The  introduction  of  coherent  systems  of  units  for  the  measure- 
ment of  all  physical  quantities  has  been  an  enormous  stride  in 
advance.  have  a  problem  to  solve  numerically,  if  we 

Uke  care  to  put  in  all   the  terms  in  C.  G.  8.  measurement,  the 
answer  comes  out  in  C.  Q.  8.  units,  ready  for  use  without  further 


CHAPTER   II. 

NOTIONS    DKKIVED    FKOM    THE    PRECEDING. 

Wiien  a  physical  particle  changes  its  position,  it  effects  Motion. 
This  Motion  or  Change  of  Position  mii9t  be  performed  by 
passing  along  a  definite  continuous  path — contimious  because  it 
is  not  possible  for  any  physical  particle  to  occupy  two  consecutive 
positions  without  traversing  the  intermediate  space. 

In  this  respect  the  path  of  a  physical  particle  differs  from  many  niathe- 
tii  itical  curves  which  abruptly  end  at  one  point  and  recommence  their  course 
at  another.  Obviously  the  path  described  by  the  moving  particle  may  have 
any  form,  straight  or  curved  ;  and  the  shortest  possible  path  between  the 
initial  and  final  positions  is  a  straight  line. 

We  may  remind  the  reader  of  Newton's  use  of  the  word  Motion  in  the 
sense  of  Momentum  (pp.  6,  19). 

A  moving  body  may  travel  rapidly  or  slowly :  the  rate  at 
which  it.  travels  along  its  path  is  called  its  rate  of  motion,  its  rate 
of  change  of  position,  its  Velocity.  The  Velocity  of  a  moving 
body  nmy  lie  stated  in  units  of  length  per  unit  of  time,  e./j.  feet 
per  second;  and  a  body  is  mowing  with  Unit  velocity  when  it 
moves  one  foot  in  a  second,  or  one  centimetre  in  a  second.  It 
will  be  observed  that  it  is  necessary  for  us  to  make  consistent  use 
of  the  British  or  of  the  C.  G.  S.  units  of  measurement,  and  not  to 
use  them  confusedly  within  the  limits  of  the  same  problem. 

A  body  which  moves  sixty  feet  in  five  seconds  has  a  velocity, 
evidently,  of  twelve  feet  per  second.  The  velocity  is  equal  to 
sixty  divided  by  five — that  is,  to  the  whole  space  traversed  divided 
by  the  time  occupied  in  the  movement     In  algebraical  language 

this  is  expressed  thus:  v  =   ■ .  where  the  velocity,  space,  and  time 

are  denoted  by  their  initial  letters.  Multiplying  both  sides  of 
this  equation  by  /,  we  get  vt  =  g ;  the  space  traversed  in  a  given 
time  is  equal  to  the  velocity  i>er  second  multiplied  by  the  number 
Of   MOQIldtj 


CMAt.    II.  1 


VELOCITY. 


15 


Digression  as  to  mathematical  formulae  and  the  theory  of 
Dimensions.  —  Each  such  formula  is  a  kind  of  generalised  shorthand  blank 
to  be  applied  to  particular  cases  by  being  consistently  filled  in 
with  ite  numbers.      In  words  at  full  length  we  may  affirm  that  the 

Nut  preening  a  velocity  is  equal  to  the  Number  expressing  the 

space  traversed  divided  by  the  Number  expressing  the  corresponding 
time  taken;  all  these  being  of  course  syst<  paeinied   in  consistent 

unit*.  The  numbers  themselves  in  any  particular  case  we  may  not  know  at 
present,  and  in  the  meantime  we  may  not  even  care  to  know ;  for  such  a 
verbal  formula  is  of  a  higher  order  of  generality,  of  wider  value  than  a  mere 
statement  of  the  particular  numbers  in  any  particular  case,      hy  way  of  rough 

rig  we  may  shorten  the  phrase  "  Number  expressing  a  Velocity"  down 

word  "  VYio.r  ...  on.     Then  wn  new  the  eondeneed 

note  u  V.  Space  -i-  Time."     This  may  be  still  further  shortened  by 

using    initial    letters    only,    in    which    eeefl    the    symbols    "«  =  j-rl,"   or 

•'  if  m  tit ,  suffice  to  express  the  law  ;  or  we   may  agree  that 

these  unknown  numbers  shall  for  the  time  being  be  represented  by  letters 
arbitrarily  chosen.  Thus  if  we  agree  that  the  letter  a  shall  stand  for  "  num- 
ber expressing  velocity,"  or,  as  it  is  more  usually  phrased,  that  a  shall 
represent  velocity ;  and  similarly  that  b  shall  represent  space  traversed,  and 
c  the  corresponding  tame,  the  condensed  expression  of  our  law  becomes 
a  »  6  -T-  c.  To  apply  this  to  any  particular  case  we  must  know  what  the 
numerical  values  of  two  of  the  terms  actually  are;  this  much  being  deter- 
mined, it  is  only  an  arithmetical  matter  to  find  tin-  numerical  value  of  the 
third  term.     For  example,  let  v  (the  number  expressing  A  wlocity)  be  12 

or  cm,  per  Bee),  and  let  «  =  60  (ft.  or  cm.),  then  replacing  v  in  the 
equation  by  12  and  t  by  60  we  get  12  =  60  -f-  t,  ami  t  cannot  have  any 
other  value  than  5  (sec) ;  all  in  units  of  the  same  system. 

One  great  advantage  attending  the  use  of  mathematical  formula;  is  their 
susceptibility  to  algebraic  transformation.  The  above  equation  may  be 
written  t  —  tt  or  t  =  sjv%  either  of  which  modes  of  expression,  when  translated 
Dto  words  at  fuLl  length,  is  found  to  present  the  subject  from  so  fresh  a  point 
of  view  as  practically  to  amount  in  each  case  to  the  enunciation  of  an  inde- 
pendent truth. 

When  a  is  stated  by  a  formula  to  depend  upon  or  to  be  "a  function  of" 
, «,  d^  and  of  these  only,  it  seems,  when  put  into  words,  a  truism  to  affirm 

I  a  is  independent  of  variations  in  the  values  of  c,  /,  <7,  etc. ;  yet  this  often 
i  to  the  enunciation  of  valuable  principles,  ee,  p.  197,  line  35. 

The  Theory  of  Dimensions. — The  number  expressing  a  Velocity  is 
the  number  expressing  a  Space  divided  by  the  number  expressing  a  Time; 
9  —  a//f  as  we  have  seen  before.  But  there  underlies  this  mode  of  expression 
a  Ucit  understanding  that  we  adhere  consistently  to  some  known  system  of 
tmits.  The  numbers  must  vary  with  the  units  conventionally  employe!, 
even  when  the  same  facts  have  to  be  expressed.  Consequently  we  may,  if 
we  have  in  our  minds  a  possible  change  of  units,  write  such^an  equation  as 
9  fV]  =  s  [S]  -  t  [T\,  where  the  italic  initials  represent  numbers  and  the 
corresponding  bracketed  letters  the  respective  conventional  units.  Ifjv,  », 
end  t  in  the  above  equation  become  all  —  1,  that  equation  becomes  [VJ 
m  [8/TJ,  an  equation  which  refers  to  the  conventional  units  only.  Such  an 
equation  is  technically  known  as  an  equation  of  Dimensions.  Then  if  we 
change  oar  conventional   units  from  [V],  [S],  and  [T]  to  others,  say,  [fV], 
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[mS],  [mT],  the  hint  written  equation  must  still  hold  good,  and  tlu-  n«-w  unit 
[ZV]  is  equal  to  [mS/nTJ  or  t'»  m/w.  [S/T];  that  is,  the  new  unit  «>f  velocity 
is  equal  t>  imsfl    the.    <.1<I    unit.     Tlic    numerical   value   of  any  given 

velocity  is  accordingly  n/m  times  as  great  when  expressed  in  terms  of  tin- 
new  unita  as  it  was  when  expressed  in  tonus  of  the  old  units ;  that  is,  it 
varies  inversely  as  the  unit  employed;  just  as  a  sum  of  £40,000  seems 
greater  {■  0  when  expressed  in   the  smaller  French  unit,  the  franc. 

LeC  us  now  set  ourselves  a  problem  :  What  is  the  ratio  between  the  British 
and  the  C.  O.  S.  unit  of  velocity  I  The  former  is  1  ft.  per  sec,  the  latter  is 
1  cm.  per  sec  Bat  [V]  =  [S/T]  =  [Foot/Second]  -  [30'478  em./ser. 
=  30'478[cm./8econ<l|'.  the  British  unit  is  30478  times  the  C.  Q.  S.  unit. 
Consequently  a  velocity  of  3047*8  cm.-sccs.  would  be  a  velocity  of  only  100 
if  measured  in  ft. -seconds. 

The    equ.  I    Dimensions    thus    explained   were    an    invention    of 

Fourii-rs,  and  in  brought  into  prominence  by  Clerk  Maxwell.  Their  use 
in  twofold  :  (I)  as  a  means  of  converting  physical  quantity  |  one 

set  of  unite  into  the  same  quantities  expressed  in  other  units ;  and  (2)  as  a 
means  of  our  equations,  for  tht   dimensions   must  agree  on    both 

sides,  as  will  be  ae»-n  in  fttj  simple  examples  on  p.  69. 

Velocity  (resumed). — If  I  body  move  through  equal  spaces 

in  equal  times,  its  Telocity  is  said  to  be  uniform. 

We  are  familiar  with  instances  in  which  a  body  such  as  a 
railway  train  is  said  to  be  running  at  a  certain  time  with  a 
velocity  of  (say)  thirty  miles  au  hour.  This  indicates  that  if  the 
train  ran  lot-  a  whole  hour  at  the  rate  at  which  it  ma  travelling 
at  the  instant  of  observation,  it  would  at  the  end  of  an  hour  be 
thirty  miles  away  from  the  point  which  it  occupied  at  the 
beginning  of  it.  Hut  the  train  may  possibly  not  have  run  n 
than  a  mile  on  the  whole.  The  statement  means,  then,  that 
during  (say)  a  minute  it  ran  half  a  mile,  and  that  therefore  during 

by  minutes  ft  might*  at  the  same  speeti  run  thirtj 

But  even  during  a  minute  it  may  have  gained  or  lost  speed,  so 

■  o  render  its  motion  not  uniform  but  variable  :  the  statem- 
would  be  still  more  exact  if  we  knew  that  in  six  seconds  it  ran 
twentieth  of  a  mile,  or  in  one  second  the  Immlied-aud-twentieth; 
for  when  the  interval  of  time  is  very  short,  there  is  less  possibility 
of  variation  during  that  interval,  and  the  speed  approxima 
mure  nearly  i>>  uniformity.  Hence  the  variable  Telocity  of  any 
inoviug  body  at  a  particular  instant  is  found  by  observing  the 
amount  of  m  flfected  in  a  certain  very  short  interval  of  time, 

and  finding  what  uioveu.-  1  be  effected  in  one  unit  of  time 

if  the  velocity  were  to  remain  uniform  during  that  period. 

If  a  body  move  over  a  certain  Space,  I  (say  thirty  feet),  in 

time  t  (say  ten  seconds),  the  equation  v  =  -  =  --  =3  feet  per 
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second,  shows  what  th«*  mean  or  average  velocity  is  during  the 
motinu.  The  mean  velocity  of  a  train  which  travels  fifteen  miles 
in  i   of  a  mile  a  minute,  or  ^J^th  part  of  a 

mile  in  a  second,  although  during  some  seconds  or  minutes  it  may 
be  travelling  at  the  rate  of  sixty  miles  an  hour,  at  other!  may  be 
standing  still,  and  at  others  backwarda 

A!.  iea,  mean  and  constant,  uniform  and  variable,  may 

be  expressed  in  feet  or  in  centimetres  per  second,  and  can,  when 
so  expressed,  be  compared  with  one  another. 

All  measurable  velocities  are  Relative;  we  know  nothing 
about  Absolute  vrlmities  in  space,  for  we  have  no  standard  of 
comparison. 

PrubUms. 

1.  If  a  body  move  144  feet  in  3  second-,  what  will  lie  iu  mean  velocity? 
— An*.    48  feet  per  second. 

■2.    In  t;  ill  be  its  velocity  during  tin:  second 

•wnnd  if  it  travel  16  fast  in  the  first  second  and  80  feet  in  the  third? — 
Atu. 

3.  A  bo<!  .vith  a  uniform  velocity  of  40  miles  1600  yards  per 

r:  what  is  its  velocity  in  feet  per  aecond;  and  how  many  feet  will  it 
in  10  seconds? — An*.  6<  ad]  600  fa 

.  railway  train  explodes  two  detonating  signals  placed  on  the  rails  at 
in  on.-  another  "f  17(»  feet;  an  interval  of  exactly  2  seconds 
diya  between  the  explosions,  Compare  the  velocity  during  that  Inten 
with  the  mean  velocity,  which  is  indicated  by  the  statement  that  the  train 
uk«*  wi  hour  and  a  half  to  perform  the  journey  between  two  stations  45 
mis  distant  from  01  . — Ant.   It  Is  twice  the  mean  velocity. 

5.  \v  the  great«  I  -  an  hour  or  12  metres  per 
■and? 

6.  A  train  travels  10  miles  at  a  velocity  of  20  mflei  per  hour;  fluu  4 
ttilw  at  an  average  nte  "f  30  miles  per  hour;  then  6  at  a  uniform  rate  of 
40  miles  per  1  mile  to  come  to  rest,  running  at  an  average 
ipeed  of  lands  for  7  minutes  :  it  starts  and  runs  for 
JO  minutes  at  the  average  speed  of  21  miles  an  hour.  What  has  been  its 
Bean  relocitj  ?     Ant.   \il  feet  per  second. 

Acceleration — When  the  velocity  of  a  moving  body  varies, 

the  Rate  ol  e  of  Velocity  is  called  its  Acceleration.      In 

ilur  language  this  word  indicates  increase  of  speed,  but  it  is 

ion  used  to  signify  the  rate  of  change,  whether  that 

change  be  an  increase  or  a  diminution  of  the  velocity.     If  a  body 

be  moving  at  the  rate  of  ten  feet  a  second   at  the  beginning  of  a 

certain  second  of  time,  and  at  the  end  of  that  second  be  found  to 

be  moving  at  the  rate  of  eleven  or  of  nine  feet,  it  is  said  to  have 

Lng  that  second  an  acceleration,  positive  in  the  former 

Live  in  the  latter,  of  one  foot  per  second.     Acceleration 
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is  usually  indicated  by  the  symbol  a,  and  the  Unit  of  Acceleration 
is  the  acceleration  observed  when  a  body  alters  its  speed  by  one 
unit  of  velocity  every  second.  A  body,  then,  undergoing  a  unit 
acceleration  (in  British  units)  has  its  speed  increased  or  dimin- 
ished by  one  foot  in  one  second,  two  feet  in  two  seconds,  and  so 
forth ;  in  C.  G.  »S.  units,  by  one  cm.  per  sec,  n  cm.  in  n  seconds. 
The  initial  velocity  may  be  zero,  the  body  beinjj  originally  at 
rest ;  in  such  a  case  the  body  will  undergo  unit  acceleration  in  a 
given  direction,  if  in  that  direction  it  acquire  unit  velocity  in  one 
second,  or  a  <>f  ?i  units  in  n  seconds. 

There  are  some  cases  in  whii-h  the  apparent  effect  of  acceleration  is  only 
to  change  the  djb  a  ;  but  there  i*  no  essential  difference  between 

such  cases  and  those  upon  which  the  definition  here  given  is  hosed  ;  ond  such 
a  result  will  be  readily  understood  after  we  have  discussed  the  composition 
of  vel-nti.  I  Uld  oi  iKNch-iations. 

If  a  body  move.  \\  ith  velocity  V,  and  at  the  end  of  t  seconds 

with  velocity  Y  .  tlu-  total  change  of  velocity  during  t  seconds  is 

V — V,  the  time  during  which  this  change  is  effected  is  /,  and 

V  —V 
the    acceleration     per   second    is    —  This    is    the    mean 

acceleration  during  the  time  t:  and  the  acceleration  may 
during  that  period  t  be  uniform  or  variable,  but  an  approximation 
to  its  value  at  any  instant  may  be  found  by  making  the  interval 
t  as  short  as  possible. 

Problems. 

1.  A  body  starts  from  rest  rata  the  influence  of  a  force  which  produ 
acceleration  a  =  2  ft:  when  will  it  have  a  velocity  of  1000  feet  per  second  1 
Am.  At  the  end  of  the  500th  second. 

2.  A  body  travels  at  12  feet  per  second  ;  in  10  seconds  it  i«  moving  7 
feet  per  second  :  what  is  the  mom  acceleration  ? — An*.  -  J  foot  per  second. 

3.  If  in  the  la*t  question  the  acceleration  had  been  +  h  foot  per  seemid, 
what  would  have  been  the  rate  of  movement  v.  tin-  rod  of  10  seconds? — 
Ana.    17  fe«t  per  second. 

4.  A  body  moves  in  the  first  second  during  which  it  i*  under  observation 
through  a  space  of  16  feet;  in  the  fourth  second  through  112  feet :  what  is 
the  acceleration  per  second  ? — Ant.  32  feet,  so  that  during  consecutive  seconds 
it  mores  16,  4.8,  80,  112  feet.  At  the  end  of  each  successive  secon  i 
moves  with  a  velocity  of  32,  64,  96,  128  feet  per  second  nrov  tiv. ly. 

5.  A  body  as  it  moves  is  made  to  record  its  own  speed  :  it  is  found  that 

at  a  certain  instant  it  is  moving  at  the  rate  of  1 12  feet  a  second  ;  after  an 

interval  or  ^  second  its  velocity  is  114  feet  per  second  :  what  is  its  scoel- 

V  —  V      114-112 
eration  7—  Ant,  —  '       ■  m  -  40  feet  per  second. 

6.  A  particle  moves,  during  the  first  second,  with  diminishing  vel" 

at  the  mean  rate  of  10  centimetres  per  second  ;  the  next  second  it  moves  nt 
the  mean  rate  of  8  centimetres  per  second  ;  the  acceleration  is  constant :  bow 
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far  will  it  travel,  ami  what  will  it  <lo  when  it  has  come  to  reatl — An*.  It 
will  go  on  for  5|  seconds,  will  traverse  3025  centimetres,  and  will  return, 
arriving  at  every  point  on  its  previous  path  with  the  same  speed  as  that  witli 
which  it  l<;ft  it,  anil  will  retrace  the  30*25  centimetres  in  another  &k  seconds, 
«•*■••  arting  point  with  a  reversed  velocity  of  11    centimetre*  per 

Momentum. — When  a  body  whose  mass  is  m  moves  with 
velocity  v,  it  is  said  that  the  total  Momentum  or  Quantity  of 
Motion  is  the  product  of  these  two  terms,  namely,  mv.  The 
greater  the  velocity  or  the  greater  the  mass  moved,  the  greater 
the  quantity  of  motion. 

Force. — When  a  body  which  is  at  rest  is  set  in  motion,  or 
B  which  is  in  motion  is  accelerated  (positively  or  negatively)  or 
deflected  from  its  straight  course,  we  attribute  these  effects  to 
impressed  force,  or  simply  to  Force.  This  is  sometimes  denned 
is  any  Cause  which  tends  to  alter  a  body's  state  of  rest,  or  of 
uniform  motion  in  a  straight  line.  It  is  better  defined  as  it  is  by 
not  as  a  cause,  an  existing  reality  of  any  kind,  but 
limply  as  an  observed  Phenomenon,  a  measurable  Action  upon 
a  body,  under  which  the  state  of  rest  of  that  body,  or  its  state  of 
uniform  motion  in  a  straight  line,  suffers  change. 

md  the  mutual  influence  of  at  least  two  bodies  are  always 
wential  to  the  production,  in  any  one  of  thftm,  of  thoM  iflfati  of  displace- 
taat  wli  i  inmonly  attribute  to  Force  ;   and   such  displacement  is 

tlwiys  ■Koeiated  with  a  transformation  or  a  redistribution  of  Energy. 


Forces  considered  as  measurable  Actions  arc  measured  by  the 
Masses  set  in  motion,  and  by  the  Velocities  imparted  to  them  in 
unit  of  time — that  is  to  say,  by  their  Accelerations ;  aud  the 
equation  V  =  ma  enables  us  to  measure  any  Force  F, 
>e  product  of  a  Mass  m  into  the  Acceleration  a 
imparted  to  it,  as  found  by  observation. 

Poree  may  aUo  be  measured  as  an  Observed  Rate  of  <  I  Momen- 

tum.    Accelerat.  te  of  change  of  velocity  t> ;  F  =  m  x  u  =  m  x  rate 

f  change  of  t  =  rate  of  change  of  mv  =  rate  of  change  of  momentum  A 
Force  is  therefore  numerically  equal  to  the  Amount  of  .Momentum 
>t  by  a  body  dnring  each  Second.  (See  further  p.  40  and  p.  46). 
The  product  of  a  force  acting  into  the  time  during  which  it  acta  measures 
ttt  momentum  imparted  during  that  time;  and  this  product  ia  known  as 
ImpuW — a  term  of  frequent  dm  ia  tin:  study  of  tin  working  of  mftonliiery- 

By  a  00  i  form   of  speech  a  given   Force  is  said  to  act 

upon  a  given  body  and  to  impart  to  it  a  given  acceleration.  It 
most  tie  constantly  borne  in  mind,  however,  that  a  Force  is  not  a 
physical  entity.     It  can  never  be  measured  until  we  already  know, 
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absolutely,  or  by  comparison,  the  mass  acted  upon  and  the  acceler- 
ation actually  imparted  to  it ;  and  force  may  I  or 
diminished  by  varying  the  urrangement  of  the  bodies  bo  whose 
mutual  actions  it  corresponds ;  as  in  the  case  of  the  Hydraulic 
m,  whew  the  ordinary  action  presents  an  apparent  increase  of 
Force,  while  if  the  action  be  reversed,  Force  seems  to  be  destroyed 

If  a  body  weighing  three  pound*  be  set  in  motion  so  as  at  the  end  of  one 
second  to  huve  bad  a  vdoflltjj  of  four  0Mt  per  second  imparted  t«>  it,  then 
F  =  ma  =  3x4  =  12  Poundals  or  British  units  of  force.  The  same  force 
would  have  imparted  to  a  two-pound  mass  an  acceleration  of  six  feet,  to  a 

<[>ound  moss  an  acceleration  of  twelve  feet,  and  to  a  twelve-pound  man 
it  would  have  Imparted  in  one  second  a  speed  of  one  foot  per  second. 

If  the  mass  moved  be  a  unit,  mid  the  acceleration   imparted 
be  unity,  the   product  F  s  ma  is  also  unity  ;  and  hence  the  Unit 
of  Force   is  to  be   defined  as  that   under  the  action  of  whiol 
unit  of  mass  will  come  to  move  with  unit  velocity  when  it 
has  been  acted  upon  for  one  second. 

It  will  be  olwrved  tlmt  tbil  definition  uf  the  Unit  of  Force  is  absolute, 
is  not  affected  by  local  variations  in  fin-  intensity  of  gravity,  and  is  hence 
everywhere  the  same. 

If  the  unit  of  length  chosen  be  the  centimetre,  and  the  unit 
of  mass  the  gramme,  the  Unit  of  Force  will  in  one  second  cause 
a  gramme-mass  to  acquire  a  velocity  of  one  centimetre  per  second  ; 
and  the  unit  »«f  Force  so  defined  is  called  a  Dyne.  Any  force 
may  be  stated  to  be  equal  to  so  many  dynes. 

One  million  dynes  make  one  Megadyne. 

Problems. 

1.  A  certain  force  acts  upon  m  units  of  mass  of  matter,  and  at  the  end 
df  a  second  that  man  is  found  to  be  moving  with  a  velocity  of  32  feet  per 
second  :  what  velocity  will  be  produced  if  the  same  force  act  upon  32m 
units  of  mass  for  the  same  period  1 — An*.  One  foot  per  second. 

2.  How  many  dynes  of  force  are  required  to  set  a  mass  weighing  50 
grammes  in  motion  with  a  velocity  of  12  metres  per  second,   the  force 

being  supposed  to  act  for  pndm  ly  one  second  ? — An*.  60,000,000. 

3.  How  many  dynes  are  required  to  make  a  gramme-mast  move  with  a 
velocity  I  •  tres  per  second,  the  l«>rce  measured  in  dynes  being  sup- 
posed to  act  for  precisely  one  second  I  what,  if  it  act  for  two  seconds  ? — 
An*.   981  dynes;   4005  dynes. 

4.  Compare  the  \  produced  by  the  action  on  masses  of  2  kilo- 
grammes, 750  grammes,  and  one  gtMDUM  respectively,  of  forces  measuring 
respectively  300,000,  1 12,500,  and  150  dynes. — An*.  All  equal  ;  160  centi- 
metres per  second  if  the  action  endure  for  one  second. 

5.  E'juul  forces  act  upon  the  masses  specified  in  tlie  last  question  :  what 
will  be  the  relative  accelerations  produced  I — An*.  3:8:  8000. 
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Weight.  —  ^V.'  hive  here  to  anticipate  what  will  be  after- 
wards moTv  fully  discussed,  by  defining  the  Weight  of  any  given 
muss  as  the  actual  measurable  Action  of  Gravity  upon  it  at  a 
Siren  spot,  whatever  may  be  the  hitherto  unknown  cause  of  that 
;"ii  is  (p.  L9)  Identical  with  a  Force  acting  upon 
that  mass ;  and  as  every  force  may  be  represented  as  equal  to 
ma.  the  weight  of  any  given  mass  is  the  product  of  that  mass  into 
ration  produced  when  the  body  moves  without  restraint 
under  the  unhindered  influence  of  gravitational  attraction.  K\- 
perhttenti  made  near  the  earth's  surface  show  that  every  mass  of 
matt-  res,  if  gravity  act  freely  upon  it  for  one  second,  a 

velocity  of  nearly  3 2  2  feet  (981  centimetres)  per  second.  This 
acceleration  is  found  to  be  independent  of  the  nature  and  of  the 
size  of  the  falling  body.  The  force  acting  on  B  tailing  gramme- 
mass  within  small  distances  from  the  earth's  surface  is  therefore 
ma  =  1  grnL  X  981  cm.  =  981  dynes :  the  weight  of  a  gramme- 
macs,  that  is  to  say,  is  equal  to  981  dynes:  and  conversely,  a 
S.  unit  of  force,  one  Dyne,  is   equal  to  the  weight  of  -g-J-j- 

Tbc  British  unit  of  force  (that  force  which,  acting  on  a  pound-mass  for 
one  second,  produces  an  acceleration  of  MM  barf  |>er  Becond)  is  one  poundal ; 
U»  weight  of  a  pound-mass  (since  it  produces  in  that  mass  an  acceleration  of 
112  feet  per  k  \\in\  to  322  poundal*  ;  or  the  pound*!,  M  a  unit  of 

1 


force,  is  equal  to  the  weight  of  — —  of  a  pound-mass. 

SS*2 


Hence  it  is  said  that 
British  unit  of  force  is  nearly  equal  to  the  weight  of  half  an  ounce. 


^ 


Flg.S. 


If  a  pound-mass  be  divided  into  two  parts,  one   of  which,  A,  weighs 

zi-t  i 

-  lbs.,  and  the  other,  B,   ---    lbs.,  and  if  the  weight  of  the  smaller  be 

employed  to  set  both  in  inuti<»n,  then  the  whole  mass  set  in  motion  is  1  lb., 

d  the  force  acting  is  of  the  weight  of  1  Ik,  i.e.   — i  of  32"2  I,ound«d« 

is,  one  poundal.  Hence  F  =»  1,  m  «  1  ;  and  since  F  m  ma,  a,  the 
acceleration,  moat  be  unity,  and  at  the  end  of  a  second  the  whole  mass  will 
bo  found  to  be  moving  at  the  rate  of  one  foot  per  second. 

can  state,  then,  that  any  given  force  is  equal  to  the  weight 
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of  so  many  units  of  mass  at  a  certain  definite  place ;  and  hence 
the  use  of  loose  expressions  such  as  "  a  force  of  8  lbs."  for  "  a 
force  equal  to  the  local  weight  (tin:  place  being  mentioned  or 
understood)  of  a  mass  of  8  lbs."  The  objection  to  such  expres- 
sions is  that,  when  we  measure  forces  in  pounds  or  in  grammes, 
then,  since  gravity  varies  from  place  to  place,  we  introduce  the 
unnecessary  complication  of  local  variations  in  the  value  of  our 
unit  of  force — that  force,  namely,  which  is  equal  to  the  weight  of 
a  pound-mass  or  of  a  gramme-mass,  as  the  case  may  be.  If  pro- 
perly understood,  however,  such  expressions  are  compendious  and 
not  wanting  in  convenience,  for  the  error  introduced  by  local 
variations  in  gravity  is,  practically,  within  one-half  per  cent. 

The  reader  will  now  be  able  clearly  to  distinguish  between  a 
Mass  of  1  lb.,  a  Force  of  1  lb.,  and  the  Weight  of  1  ib. 

The  observed  acceleration  (about  981  cm.,  or  32*2  ft.  per 
sec.)  is  not  constant  from  place  to  place  on  the  earth's  surface, 
and  so  weights  vary  while  masses  do  not.  This  variable  number 
is,  however,  usually  represented  by  the  letter  7,  whit  h  usually 
denotes,  in  cm.  or  in  ft.  according  to  the  system  employed,  the 
local  acceleration  produced  by  gravity,  and  then  the  equutiun 
F  s  ma  is  transformed  for  convenience  sake  into  w  (the  weight 
of  a  mass  m,  or  the  action  of  gravity  upon  it)  =  vmj. 

The  symbol  g  may,  indeed,  be  said   to  have  two   meaningB: 
(1)  the  local  acceleration  of  a  falling  body  =  981  cm.  per  m 
more  or  less;  and  (2)  the  "intensity"  of  gravity  at  a  place,  i.e. 
the  weight  of  a  unit-mass  there,  for  when  m  s  1,  w  =  y ;  and  in 
this  sense  1/  =  981  dynes  nearly, 
local  values  off/,  see  p.  191. 

Stress. — The  word  Force  is  limited  to  the  case  in  which 
some  DM  of  masses  or  of  particles  is  produced,  varied,  or 

checked  :   what   is   pi  known  as  the  force  tending  to  bn 

a  spring  back  to  its  original  form,  but  not  actually  doing  so,  is  a 
Stress;  and  the  condition  of  the  spring  under  such  circumstances 

1  audition    of  Stress,      A  spring,  when  its  form  is  altei 
tends  to  resume  its  original  form,  and  it  exerts  a  pressure  or  a 
pull  ii["in  any  object  so   placed  as   to   prevent  its  doil  but 

this  object  also  exerts  continuously  an  equal  but  opposed  pressure 
or  pull  upon  the  spring.  This  mutual  pressure  or  pull  will  cause 
motion  if  the  bodies  pressed  upon  or  pulled  become  free  to  nun 
if  not,  the  pressure  or  pull  is  continuously  applied  without 
producing  movement,  and  such  an  inactive  mutual  pressure  or 
pull  is  called  a  stress. 


"-] 


BTBE8B, 


23 


In  popular  language  a  Strew  is  called  a  Strain,  as  where  it  is  said  that  a 
or  wire  being  to  too  great  a  strain  gives  way  and  breaks  or 

Properly  the  word  Strain  means  Deformation  of  a  body. 
Every  such  stress  implies  at  least  two  fixed  points  ;  these  are  either 
together,  or  else  the  material  stretched  between  them  is  in  a  condi- 
tion of  tension.  In  the  former  cose,  when  the  condition  of  stress  ceases,  the 
body  previously  compressed  expands  ;  in  the  latter  case,  when  set  free  it  con- 
tracts. If  both  ends  of  a  stretched  body  be  simultaneously  liberated,  Eha 
resultant  movement  is  towards  the  centre  ;  if  one  end  only  be  set  free,  Ehfl 
movement  is  towards  the  end  which  remains  fixed  ;  and  conversely  for  a 
body  exposed  to  compression. 

Stress  therefore,  always  implies  mutual  Action  and  Reaction  ; 
and  we  might,  with   Tait.  paraphrase  Newton's  third   Law  thus: 
very  action   between    two   bodies   is   a   Stress."      A   stress   is 
Iways  numerically  equal  to  either  the  Action  or  the  Reaction,  as 
to  the   force  which   is   necessary  to  produce  it,  or   to   that 
lich  is  developed  when  the  condition  of  stress  comes  to  an  end. 
cannot  be  said  to  have  a  determinate  direction,  positive  or 
ive.  in  of  its  application,  for  it  depends  on  extrane- 

circu instances  which  point  or  part  of  the  stressed  body  shall 
set  free,  and   therefore  what  shall  be  the   direction  of  the 
Itant  movement ;  but  it  has  a  numerical  magnitude,  for  it  can 
measured  in  dynes  ;  and  it  may  be  numerically  specified  either 
(l)  as  To i  s  or  (2)  as  Stress  per  Unit  of  Area  of  the 

common   bounding   surface   between   two   bodies   under    mutual 
i  and  Reaction. 
In  the  first  sense,  stresses  or  total  stresses  may  be  measured  as 
jnal  t«>  the   forces  which  produce  them.     A  spring  is  pressed 
upon  by  a  certain  known  weight ;  it  yields  to  a  certain  extent ; 
it  is  ilr  i  by  a  ratchet,  and  the  weight  is  removed.     The 

force  necessary  to  cause  the  given  yielding  of  the  spring  is  known, 
for  it  is  the  numerical  value,  in  dynes,  of  the  weight  of  the  mass 
employed;  the  Total  Stress  established  in  the  spring  is  numeri- 
cally equal  in  dynes  to  the  force  used.  The  whole  upward 
pressure  of  the  spring  on  the  ratchet  must  be  numerically  equal 
to  the  we:  moved;  so  must  the  downward  pressure  of  the 

ratchet  on  the  Spring.  The  opposite  extremity  of  the  spring 
imposes  an  equal  and  downward  pressure  on  its  support,  opposed 
to  which  is  an  equal  upward  pressure  of  the  support  upon  the 
spri 

In  the  second  sena  nmerieal  value  of  the  stress  (i.e. 

Stress  per  Unit  of  Area)  is  obtained  by  dividing  the  total  stress 
'  in  dynes)  by  the  area  (in  sq.  cm.)  over  which  it  is  distributed  ; 
and  this  is  otherwise  known  as  the  Intensity  of  the  Stress. 
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In  in-1  we    shall.  .'    makes    it 

plain,  avoir!   the  use  of  tlie  unqualified    won!  and   sliall 

endeavour  to  make  it  clear  whether  in  any  particular  instance  we 
refer  !  1 ;  to  a  Condition  of  Stress,  (2)  to  a  Total  Stress  of  so  many 
dynes,  or  (3)  to  a  Stress  of  so  many  dynes  per  square  centimetre. 

Pressure. — Suppose  a  heavy  slab  of  iron  weighing  100  kilo- 
grammes to  be  laid  upon  a  flat  slab  of  indiarubber  of  sufficient 
size;  Bad  let  its  under  surface  lie  flat  and  have  an  area  of  1000 
s.p  cm.  Its  total  weight  is  1 00,000  grms.  x  981  =  98,100,000 
dynes ;  and  this  is  distributed  over  the  underlying  surface  of  the 
indiarubber  as  a  Total  Pressure  of  98,100,000  dynes..  When 
the  arrangement  is  that  specified,  the  indiarubber  suffers  (over 
1000  sq.  cm.)  a  downwurd  pressure  of  98,100  dynes  on  each  sq. 
cm.  acted  upon;   but    it  fl  the  iron  un  upward  pressure  of 

equal  amount,  for  the  pressure  is  mutual. 

N<»w  let  the  metal  slab  be  mounted  on  four  legs,  whose  joint 
cross-area  is,  say,  20  sq.  cm. ;  and  let  the  whole  again  stand  upon 
the  indiarubber.  The  total  pressure  is  the  sain.*  ;is  at  tirst ;  but 
it  is  now  distributed  over  an  area  of  only  20  sq.  cm.,  for  which 
reason  the  indiarubber  and  the  metal  are  subject  to  a  mutual 
ssure  of  4,905,000  dyues  per  sq.  cm.  across  the  area  of  contact. 

U- i.-.  therefore,  we  have  again   a   number  of  dill  an- 

ings.      The  word  l'lessure  may  mean  : — 

(l.i  Between  two  objects  having  a  common  bounding  -nrface, 
a  Total  Mutual  Pressure  of  so  many  dynes  over  that  ffhola 
surface. 

i  From  the  point  of  view  of  one  of  the  objects,  the  Total 
Pressure  suffered  by  it  or  exerted  by  it  across  the  whole  area  of 
mutual  contact;  the  same  number  ol  dynes  ..\vr  the  whole  area 
as  in  the  preceding  case. 

(3.)  The  Mutual  Pressure  per  Unit  of  Area  of  the  com- 
mon surface. 

(4.)  The  Pressure  of  the  one  body  on  the  other  across  Un- 
common bounding  surface,  measured  in  dynes  per  sq.  cm.  (Pres- 
sure of  A  on  B,  or  of  B  on  A  per  Unit  of  Area). 

Sometimes,  in  a  quasi-popular  sense,  a  u'eneral  synonym 
for  Force,  as  where  the  piston  of  a  steam-engine  is  said  to  move 
under  the  influence  of  the  Pressure  of  the  steam  in  the  cylinder. 

As  a  rule  the  fourth  of  these  ia  the  pr  Miing  of  the 

word  Pressure  wheu  used  alone  ;  bat  we  shall  endeavour  to  make 
it  consistently  clear  in  which  sense  the  word  Pressure  is  supposed 
to  be  use  h  partii alar  case. 
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Tension. — If  a  mass  of,  say,  100  kilogrammes  be  hung  upon 
a  metallic  rod  of  1  sq.  cm.  cross-section,  the  metallic  rod  is  under 
tension  amounting  to  98,100,000  dynes  across  that  one  sq.  cm.  of 
cross-section.  If  the  same  mass  had  been  suspended  on  a  metallic 
rod  of,  say,  10  sq.  cm.  cross -section,  the  tension  would  have 
amounted  to  9,810,000  dynes  per  sq.  cm.  of  cross-sectional  area. 
In  both  these  cases  the  Total  Tension  is  equal  to  the  weight  of 
the  mass  suspended,  viz.  98,100,000  dynes;  and  it  is  irrespect- 
ive of  the  transverse-sectional  area  of  the  rod  which  is  being 
acted  upon.  Here  again  we  have  thus  to  distinguish  between  a 
Total  Tension  (so  many  dynes)  and  a  Tension  per  Unit  of  cross- 
sectional  Area  (so  many  dynes  per  sq.  cm.) ;  and  here  again  we 
shall  have,  in  the  sequel,  to  make  it  plain  to  which  of  these 
reference  is  being  made  in  any  particular  case. 

As  a  rule  the  phrase  The  Tension  of  a  Cord  is  supposed  to  mean  the 
Total  Tension  acting  across  any  transverse-section  of  a  cord  ;  this  is  the  same 
at  all  parts  of  a  cord  stretched  between  two  points,  whatever  may  be  the  local 
variations  of  the  thickness  of  that  cord.  Pretty  obviously  the  thinnest  part 
of  a  cord  thus  stretched  between  two  supports  is  exposed  to  the  greatest 
tension  per  unit  of  cross-sectional  area  ;  for,  the  Total  Tension  being  uniform, 
it  necessarily  follows  that  where  the  cross-area  is  least,  there  the  Tension 

per  Unit  of  Area  (i.e.  the  quotient  — - .  otherwise  known  as  the 

*^  i  Cross- Area   ' 

Intensity  of  Tension)  is  the  greatest ;  and,  accordingly,  a  stretched  string  is 

most  liable  to  snap  where  it  is  thinnest. 

It  is  scarcely  necessary  here  to  point  out  for  the  sake  of  clearness  that 
there  are  three  other  distinct  meanings  of  the  same  word  Tension,  which  will 
duly  come  up  in  their  respective  places.  These  are  :  (1)  the  Surface-tension 
of  a  liquid,  p.  252  ;  (2)  Electric  Tension,  a  name  given  to  the  self-repulsion 
of  electrified  surfaces,  p.  536 ;  (3)  "  in  Tension,"  an  old-fashioned  and  obsolete 
phrase  denoting  a  certain  arrangement  of  cells  in  a  galvanic  battery,  p.  586. 


CHAPTER  III. 

MEASUREMENTS. 

In  the  foregoing  chapters  we  have  become  acquainted  with  the 
units  of  Space,  Time,  and  Mass,  and  with  those,  derived  from  the 
preceding,  of  Velocity,  Acceleration,  Momentum,  and  Force ;  and 
it  is  for  us  now  to  ascertain  what  principles  are  made  use  of  in 
the  various  measurements  effected  in  terms  of  these  units. 

In  the  Measurement  of  Lengths  two  main  methods  are 
resorted  to — Line  measurement  (mesure  a  traits)  and  End  measure- 
ment (mesure  a  bouts).  The  former  is  the  method  in  habitual  use 
among  carpenters,  who  lay  off  so  many  feet  and  inches  by  the  aid 
of  their  pocket-rule;  the  latter  is  the  method  which  they  use 
when  they  measure  the  width  of  a  cavity  by  means  of  a  pair  of 
callipers,  which  they  open  until  it  exactly  fits  the  space. 

Line  Measurement. — The  length  of  any  line  may  be  measured  by  a 
graduated  scale,  which  may  be,  like  the  carpenter's  pocket-rule,  somewhat 
roughly  graduated  ;  or  instruments  on  the  same  principle  may  be  made  use 
of  which  are  finely  and  very  accurately  divided.  The  measurement  is 
effected  by  observing  the  nearest  coincidence  of  the  marks  on  the  scale  with 
the  length  of  the  object,  and  by  then  reading  off  the  value  on  the  scale. 
This  is  a  familiar  operation,  but  it  will  be  observed  that  it  depends  on  the 
accuracy  of  the  sight  The  eye  requires  to  be  held  directly  first  over  one, 
then  over  the  other  end  of  the  object  to  be  measured,  together  with  the 
corresponding  part  of  the  scale ;  for  the  true  coincidences  would  be  disturbed 
if  the  scale  and  object  were  looked  at  obliquely.  It  is  found  that  in 
estimating  measurements  which  are  very  small  the  eye  gets  confused  ;  and 
besides  this,  the  difficulty  of  making  accurately  and  very  finely  graduated 
scales  increases  with  the  accuracy  required.  Thus  it  happens  that,  while  the 
ordinary  24-inch  rule  divided  into  various  fractions  of  an  inch,  or  Whitworth's 
very  convenient  20-inch  rule,  decimally  divided,  or  a  measure  divided  to  half 
or  quarter  millimetres,  may  be  used  for  measurements  involving  differences 
of  the  hundredth  of  an  inch,  it  is  only  with  difficulty  that  they  can  be  so 
applied,  and  it  is  much  more  convenient  in  coses  involving  minute  measure- 
ments, such  as  observations  of  the  height  of  the  barometer  or  thermometer, 
to  use  a  contrivance  called  a  Vernier.  This  is  a  subsidiary  scale  which 
slides  up  and  down  past  the  main  scale,  and  is  differently  divided  from  it 
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rig.3. 


Barometer 


Sextant 
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There  are  two  kinds  of  Vernier  in  use,  those  known  as  the  Barometor- 
Vernier  anil  the  Sextant-Vernier,  which  require  separate  den  ription. 

The  BnwnetW-Tenuar  is  thus  graduated  :  a  line  is  set  off  on  the  vernier 
equal  to  eleven  divisious  on  the  main  scale.     This  line  is  divided  into  ten 
equal  porta.     Each  of  these  parts  therefore  is  equal  to  1-,'g.  division  on  the 
i  scale.     If  the  main  scale  be  divided  to  tenths  of  an  inch,  the  difference 
twten  a  di  the  main  scale  and  one  on  the   .  ^^  inch. 

appose  the  object  measured  to  be  more  than  29*5  inches  and  less  than  29'G 
inches  on  the  scale.      The  zero  of  the 
vernier  is  laid,  as  exactly  as  possible, 
oppi'  ilie  point  whose  position 

k  to  be  found,  the  extremity  of  the  object 
to  be  measured,  or  the  height  of  the  mer- 
curial column  in  the  barometer ;  then  on 
oking  doten  the  verniir  it  will  be  found 
I  at  tome  point  there  is  a  coincid 

I  a  graduation  mark  on  the  vernier 
one  on  the  main  Bcale.    The  nun. 
that  mark  ui\  the  vernier  is  noted,  and 
is  the  figure  required  in  the  second 
of  decimal-.     For  example,  let  t lu- 
ll A  be  above  29-5,  below  gft-6  inches; 
i  aero  point  0  of  the  vernier  is  ta 
dte  to  it. :  tli.-  point  fi  of  the  vernier 
i  with  a  division  of  the  main  scale; 
the  length  is  29  5 C. 

In  the  Sextant-Vernier,  as  it  is  called 
in  this  couutry,  which  i>  the  farm  more 
lly  found   in  instruments  of  foreign 
ttier  run  in 
same  direction  as  those  on  the  main 
A   line  i*   let  "if  on   the   vernier 
to  nin  lie; 

bis  is  divided  into  ten   parts,  each  of  which  i«  equal   I"  nine-tenths  of  a 
fuian  of  the  main  scale.      In  the  name  way  flu  vernier  ii  moved  until  it* 
l  point  is  fa  ■jiposite  the  end  of  the  object  lo  be  I  the 

up  the  vernier  which  fin  tth  a  division-mark  on  the  main 

scale  g 

Frequently,  as  in  the  sextant,  a  little  magnifying  gleet  is  .  -  pl.u     I   that 
the  aero  point  of  the  veniier  may  be  by  its  aid   brought  mi 
opposite  the  object  to  be  measured.      When  still  greater  accuracy  is  required, 
a  microscope  is  so  placed  as  to  ensure  the  greatest  possible  completeness  of 
cflgncidence  between  thi  nt  of  the  vernier  and  the  end  of  the  object 

i  W  measured,  both  of  which  are  simultaneously  brought  into  the  centre  of 
laid 

< 'iitlntometer   is   an  Instrument  whereby  vertical    heights   are 
msists  of  I   on  which  a  finely-graduated  scale 

i  engraved.     This  carries  a  sliding  piece,  to  which  i.«  attached  a  telescope. 
In  this  '  is  fixed  a  pair  of  spider  threads  or  fine  platinum  wires 

at  right  angle"  to  one  another,  and  so  placed  (in  the  focus  of  the 
eyepiece)  as  to  U-  neouslj  with  the  object  looked  at  through 

The  tele*coj»e-carrier  is  placed  in  such  a  position  on  the  v> 
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that  tin!  lower  'Tul  of  tin-  «'1 '.!«'■•  t  |Q  pfl  BMtKUad  is  won,  when  looked  Jit 
through  the  telescope,  to  i..ii.  i  It  \.i.  ily  with  the  point  u!  crossing  of  the 
s]ii'l<T--tlirv;ul>  in  the   fold    of  view  ;  then  it   is  slid  up  until    the   upper  end 

lie  object  to  be  measured  appears  to  coincide  with  the  same  point ;  the 
distance  along  which  the  carrier  has  Wen  did  along  the  vertical  rod  indicates 
the  height  of  the  object  to  be  measured.  Provision  must  bo  made  in  the 
construe!  inn  of  the  apparatus  fa  ensuring  that  the  v»  fitted  Rid  is  quite 
].•  't-p«-n.licular  to  the  horizon  ;  this  is  effected  by  making  it  stand  BOOB  three 
screws  whose  heights  can  be  adjusted  until  ■  spirit  I- •-.•  I  ind id III  I  the  base  of 
tin:  apparatus  to  bit  quite  horizontal. 

It  may  be  necessary  to  compare  a  stain  .    .i    I       1   Dgth  of  a 

rj  which  is  very  nearly  of  the  MM  length  M  tin-  standard.      In  this  case, 

n  microscope  may  be  placed  at  each  .ml.      <.>:>,.  m.  nee  as  perfect  as  possible 

is  established  between   the   images  of  the  object  and  the  btandurd  measure  in 

the  Add  of  the   first  microscope.      If,  then,  the  cinci'l  |  ••ile.-t  in 

I  of  the  secini  microscope,  the  object  in  of  precisely  the  ii  as 

the  standard.  This  but  rarely  occurs,  and  the  object  in  view  frequently  is 
to  ascertain  what  the  error  amounts  to.  The  second  microscope  is  provided 
with  spider  threads  in  the  focus  of  the  eyepiece,  and  the  end  of  the  «•)-; 
is  brought  exactly  umler  the  apparent  crossing-point  of  these  threads  ;  then 
the  microscope  is  moved  along  until  the  end  of  the  standard  appears  to  bl  in 
the  same  position  ;  the  extent  to  which  the  microscope  has  been  moved  indi- 
cates the  ililleience  between  the  two  lengths  compared.  Since.  the 
amount  to  which    tin-  mi  FOSOOpe  has  been   moved  may  be  exceedingly  small 

'hrfnnk  in  in.MM.iv.  tin-   methods  hitherto  described  may  be  Insufficient 
in  accuracy,   and    VC   have   to  resort  to  those  more  delicate  devices  wl 
i.f  the  Screw. 

The  Screw,  an  will  be  \  ami  nation  of  any  specimen,  presents  a 

spiral   OOllod   ruund    a   cylinder.      If  a  screw,  having  twenty  threads   U>   the 
inch  lid   in   a  fixed  body,  and   turned    round   exactly  Ottetj  its  point 

uill  have  advanced  the  twentieth  part  of  an  inch.      If  tin 
be  connected  with  a  pointer  fixed  on   it  at  right  angles,  which  can   indicate 
on  a  graduated  circle  the  ain.iunt  of  rotation  of  the   screw,  there  will   Ihj   no 
difh  d  with  roughly  made  apparatus,  in  causing  the  screw  to  execute 

a  rotation  of  half  I  quadrant,  45*,  6*,  or  even  1".      If  a  screw,  then, 

which    I:  turns  to  the   in<  h   be  turned   through  one  degree   (sJff 

of  a    cornjdete   turn),   ita  ]K>int   will    have  advanced    or    been   IBtfMlted    by 
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5!0  =  tVoit  inrh-      But  this   is   rough    measurement.      By    making  the 


head  Ilia  screw  part  of  a  large  wheel  with  graduated  circumference  and 
using  a  fixed  vernier,  rotation  of  the  screw  to  the  extent  of  half-a-minute  of 
arc  can  be  easily  observed,  and  this  would  correspond  to  onward  motion  on 
the  part  of  the  point  of  the  screw  of  7<B'00C  inch.  The  principle  of  the 
screw  thus  enables  us  to  detect  and  to  measure  very  small  quantities  of 
motion.  If  the  second  microscope  in  the  last  paragraph  be  connected  with 
a  graduated  screw  of  this  kind,  the  amount  of  its  motion,  indicating  the  differ- 
ence of  length  of  the  two  objects  measured,  can  be  very  exactly  determined. 

In  Sir  Joseph  Whitworth's  measuring  machine*  advantage  is  taken  of 
another  principle  for  producing  and  measuring  very  slight  motion.  The 
screw  (twenty  threads  to  the  inch)  is  driven  by  a  "worm-wheel,"  a  wheel 
bearing  tOO  teeth  on  its  circumference  :  this  is  propelled  by  a  tangent-screw, 
a  screw  whose  threads  fit  between  the  teeth  of  the  worm-wheel :  each  turn 
:iic   tangent-screw  sends  each  tooth  of  the  worm-wheel  forward  into  the 
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position  previously  occupied  by  the  tooth  immediately  before  it — that  is  Co 
say,  causes  the  worm-wheel  itself  to  revolve  through  the  two-humlivlth  part 
of  360*,  mud  to  press  the  point  of  tin-  MMW  forward  by  the  four-thoiwandili 
of  an  inch.      B  If  driven  by  a  whr.-l  divided  into 

i$Q  part*,  so  that  if  tin*  wheel  be  turned  round  only  OOfl  division,  t hi* 
tan^  i?  rotated  -jj^  of  k  turn,  and  the  point  of  the  H  worm >whed  ' 

screw  is  thus  pressed  forwu-  I  i«art  of  T^<rc>  •**  ,m'   mill iontli 

part  of  an  I 

I  at  each  end  so  that  it  ran  rotate  tat  QO\  progress,  the 
"thread "  of  the  MRi  will  appear  to  travel  wh.n  the  screw  itself  is  turned. 
If  any  object  rest  of  a  lathe,  or  the  lik  |   w*  cut 

ia  it,  and  be  by  means  of  that  screw  fitted  upon  a  rotatory  but  otherwise 
filed  ma:  ben  placed  between  guides  so  M  to  lie  free  bo 

move  backwards  and  forwards  along  the  fixed  screw  but  in  no  other  'lireetion  : 
if  then  the  fixed  screw  be  rotated,  the  object  borne  by  it  will  travel  along  it 
i  one  i  or  the  other,  according  to  the  sense  of  the  rotation.      This 

rn  will  be  thoroughly  understood  on  looking  at  the  traversing-scrcw 
i  slide  lathe.      If  the  travelling  carrier  bear  a  pencil  era  diamond, 

mark  paper  or  glass  at  equal  intervals,  as  indie.  goal   i  .tationa 

fthe  driving  wheel,  we  shall  have  a  contrivance  illustrating  the* main    prio- 
ri e  of  the  Dividing  Engine  which  is  used  for  graduating  therrm.meter- 
sbes,  etc 

End  Measurement. — If  a  couple  of  rods,  exactly  ten  feet  in  I<  < 
I  placed  "ii  tin   ground  end  to  end  ;  if  then  the  first  rod  be  taken  Dp  and 
cartful  udways  at  the  other  end  of  the  second  ;  and  If  the  secoud 

I  taken  up  ami  placed  in  the  --anie  way  beyond  the  first,  and  jus:   in  contact 
l  soon:  then  a  very  acei  nsltinle  of  ten 

feet  can  be  easily  em  bhaJ  the  roils  themselves  are  exactly  Urn 

U  ;   i        la  given  length  can  also  he  thus  effected  :  II 

i  odd  number  of  feel  and   inch,  1   by  a  set  of 

bj  an  ordifl 
In  measuring  or  setting-off  in  this  way,  it  is  plain  that  we  depend  upon 
the  sense  b  for  the  perception  of  the  contacts  Bet  up  between  the 

ends  of  the  rods.     The  sense  of  touch  is  found  to  give  more  satisfactory 
Its  in  many  ways  than  the  sense  of  sight ;  for  if  one  object  be  intended 
>  fit  into  another,  and  have  a  diameter  ^Vu  *ncn  I**8  *nan  what  is  exactly 
Lta  tit  will   be   perfectly  loose.     The   eye  could   not  perceive   this 
directly  w  intervention  of  lenses. 

The  Callipers  need  by  carpenters  cau  be  opened  out  so  as  exactly  to  fit 

i  a  cavity,  or  exactly  to  grasp  an  object.     They  arc  usually  made  so  that 

i  oue  end  serves  for  inside,  the  other  for  outside  measurement.     They  are 

in  comparing  the  dimensions  of  objects  which  should  be  of  the  same 

but  it   is  difficult  t"  take  very  accurate  measurements  off  a  scale  with 

Gauges  are    made  of   known  sizes,  and  the  size  of   the    object  to  be 
is  compared  with  that  of  the  gauge  by  trying  the  fit.      If  the  gauge 
i  made  conical,  then  from  the  extent  to  which  it  penetrates  a  given  I 
i  can  the  width  el  that  aperture  be  determined. 


*  A  screw  cot  oat  of  a  solid  mass,  through  which  another  screw,  the  "male" 
bm*.     In  the  ordinary  nut  and  bolt,  the  boll  bears  the  male  screw,  the  nut  the 
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The  Spherometcr  consists  of  a  disc  of  metal  with  graduated  eireuni- 
ference.  This  is  supported  on  three  MfuH  legs,  which  are  fumi-hrd  with 
hard  steel  pointy  iHjuiilistiiiit,  and  i  QOfl •  I <■- 1  off  no  as  BOl  to  |jhtic  any  object 
on  which  the  instrument  is  set.  In  the  axis  of  it  is  a  screw,  the  steel 
point  of  which  is  also  rounded,  and  forms  a  fourth  foot  Any  instruit: 
which  stands  on  three  feet  ia  certain  to  be  steady,  because  three  points  are 
always  in  some  one  plan.-  :  oni  which  stands  on  four  feet  will  only  be  steady 
if  the  jMiint  «>f  the  f. .urth  foot  be  exactly  in  the  same  plane  as  the  other  t'n 
If  it  l»e  I  i    BM    the.  instrument  does  not  rest  on  it  at  all  ;  if  it  be 

below  this  plan*-  the  instrument  can   never  stand  on  more  than  three  feet  at 
a  time,  ami  may  b  frOB  one  set  of  three  to  another.      If  the  sphero- 

nieter  l.e  nl  Vftm  |  jiitv.  ofglttQ  ||  will  stand  steadily  ;  if  the  central  screw 
he  turned  so  as  to  bring  down  the  fourth  foot,  the  instrument  will  be  easily 
rocke d  it"  il  I"'  brought  down  too  far.  The  hand  in  UBlueliliig  and  the  ear 
jUMdog  this  rocking,  just  at  its  commencement,  concur  in  detecting  very 
small  motions  of  the  screw  just  at  that  part  of  its  movement  By  means  of 
a  pointer  attached  to  the  head  of  the  screw  the  exact  position  of  the  screw 
which  corresponds  to  the  commencement  of  rocking  can  be  observed  on  the 
graduated  scale.  Suppose  the  thickness  of  a  piece  of  microscopic  cover  glass 
is  to  be  determined.  It  is  placed  under  the  fouith  foot  This  central  foot 
of  the  spherometer  is  brought  down  upon  it  until  the  whole  rocks  ;  the 
central  screw  is  then  raised  until  the  rocking  ceases  ;  it  is  turned  back  again 
till  it  just  commences,  and,  as  before,  the  position  of  the  screw  corresponding 
t"  the  commencement  of  rocking  can  be  observed  by  BMBDI  of  tin*  Poinlti 
and  the  graduated  scale.  If  the  pointer  had  stood  at  76*  when  tin-  instru- 
ment stood  on  the  plain  glass,  and  at  3°  when  the  central  point  was  on  the 
piece  of  thin  glass,  the  difference  of  position  of  the  pointer  mmpoadl  to  72*. 
or  3V5  of  the  circumference  ;  and  if  the  screw  itself  have  twenty  turns  to 
the  inch,  the  thickness  of  the  glass  is  sVff  X  5V  =  iJff  inrn- 

The  curvature  of  a  lens 


Flff.4. 


A^ 


may  bi   determined  by  this 

ut,  for  if  th>- 
A  HI)  be  placed  under  a 
spher  ii  i'i,  Fig.  4  shows 
that  the  amount  of  curva- 
ture determines  the  length 
of  the  lint-  DK,  and  tlo- 
radius  R  of  the  sphere  of 
which  the  lens  may  be  con- 
sidered a  part  is  related  to 
the  line  DE  (represent* ■<  I 
a)  and  the  distance  /  between 
the  equidistant  tripod  lei •:,  DJ  the  formula  2R  —  a':j'SL+l. 

In  Whit  wort  1m  Measuring  Engine  a  bar  representing  the  unit  of 
length   is  placed   between   two  jaws,  which  are   made  to  move  towards 
another  so  as,  without  pressure,  just  to  grasp  it :  they  are  then  separated 
from  one  ttOthflfj  and  the  standard  unit  the  bar  to  be  measured 

is  placed  instead  of  it,  and  the  jaws  are  again  brought  together  so  as  to  grasp 
it  in  the  same  way.  The  jaws  are  brought  together  by  fine  screw  adjustments, 
such  as  those  previously  described,  so  that  the  difference  of  the  millionth  part 
of  an  inch  in  two  bars  of  metal  can  be  detected.  The  precise  position  at 
which  the  jaws  grasp  objects  without  pressure  is  determined  by  a  plane  piece 
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which  is  along  with  theiu  between  the  jaws,  with  its  edges 

in  a  vertical  plane.      If  the  grasp   be   too  loose,  thin  piece  of  metal  can  be 
mated   f  will  fall   book  wh.n  lifted  and  let  go  ;  if  the  grasp  be  too 

lit,  Uii*  metal  plane  cannot  be  moved  ;  if  it  be  exact,  the  metal  plane  can 
raised,  and  will  remain  in  any  position  in  which  it  may  be  placed. 
Another  plan  by  which 
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an  alteration  in  the  length 
of  a  liar  may  be  determined 
i>  the  Optical.  Ti 
'•.  ••[  |  )  b  a  B  n  rti  against 
»  strong  framework  at  B, 
«o  thai  any  alteration  in  its 
length  may  t    the 

position  of  the  point  A.  At 
A  the  bar  is  in  contact  with 
>  lever  CD,  jointed  at  E, 
and  bearing  a  mirror  at  D. 
I  lamp  at  X  casta  a  ray  of 
bt  on  the  mirror  ;  this  is 
cted  to  a  s<  ■ 
f  BA  alter  in  length,  or  if 
bar  bar  of  slightly  dif- 
ferent length  be  substituted 
for  it,  the  bar  CD  assumes  another  position,  and  the  spot  of  light  on  the 
Fmim  tin*  imoufet  of  deflection  may  be  calculated 
(alteration  in  length  of  thi  bar  BA. 

<1  linear  measurement,  in  whatever  way  effected,  ought  to 
present  an  error  leas  than  ioioo  y  or  one-millionth  of  the  whole. 
Measurement  of  Surface. — [fa  surface  be  bounded  by  straight 
lines  at  right  angles  to  one  another,  the  parallelogram  may  be 
measured  by  the  product  of  two  adjacent  sides :  if  it  be  of  any 
other  form  bounded  by  Y 
•taught  lines,  it  can  be 

\  Flf.C. 

broken  up  into  triangles, 
and  its  area  be  found 
by  the  rules  of  trigono- 
metry :  if  its  boundary 
be  a  regular  cur 
tree   can   generally    be 

i  :  but  if  the  sur- 
face be  bounded  by  an 
irregular  curve,  the  de-  °  abed' 

[nation  of  the  area  involves  the  following  principle. 

Let   the    figure   YXO    be    bounded    by  the   two    rectangular 

straight  lines  OY  and   OX,  and  the  curve  ABCDEX.     Find  its 

area.     Draw  a  series  of  lines  parallel  to  OY  ;  these  will  cut  the 

curve  in  the  points  A,  B,  C,  T),  E,  and  so  forth.     Then  the  area 
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YXO  is  divided  into  a  number  of  narrow  parallelograms,  OYAa, 
AaoB,  BbcC,  etc.  Each  of  these  is  equal  to  the  product  OY  x  Oa, 
a  A  x  ab,  etc. :  these  being  all  found  and  added  together  give  the 
area  of  the  surface. 

If  now  the  surface  be  completely  bounded  by  an  irregular 
curve,  as  in  Fig.  7,  the  area  ABCDEA  is  first  found  by  the  above 

method,  then  the  area 
A&CDEA.  The  differ- 
ence between  these  re- 
presents the  area  of  the 
curved  surface  ABC6. 
This  method  is  very  diffi- 
cult in  actual  practice, 
but  all  the  mathematical 
methods  of  integration 
are  based  upon  this  prin- 
ciple. For  actual  work 
a  convenient  means  of 
measurement  of  surface, 
which  gives  very  fair  re- 
sults, and  which  is  spe- 
cially useful  in  those  cases  in  which  mechanical  contrivances  have 
registered  their  own  performances  on  paper,  is  the  following : — 

The  paper  on  which  the  curve  is  drawn  is  laid  on  a  flat  board, 
and  the  outline  of  the  surface  very  carefully  traced  by  a  sharp- 
pointed  penknife,  so  as  to  cut  out  the  part  of  the  paper  bounded 
by  that  outline :  this  is  then  weighed  and  its  weight  compared 
with  that  of  a  standard  area,  say  a  square  inch  of  the  same  paper. 
This  method  is  not  unexceptionable,  but  it  often  gives  a  very  useful 
approximation  to  the  value  required. 

An  instrument  called  a  planimeter  is  also  used  for  this 
purpose. 

Measurement  of  Volume. — The  volume  of  a  substance  may 
often  be  found  by  calculation  from  its  form  if  that  be  a  known 
geometrical  figure  ;  but  the  volume  of  a  mass  of  irregular  figure 
is  best  ascertained  by  the  rough  method  of  immersing  it  in  water 
or  any  liquid  which  will  not  affect  it,  and  by  observing  how 
much  more  bulk  the  whole  now  occupies  than  the  water  alone 
had  done. 

If,  for  instance,  a  piece  of  metal  be  placed  with  three  fluid  ounce*  of 
water  in  a  measure,  and  if  the  whole  measure  exactly  four  fluid  ounces,  the 
piece  of  metal  must  occupy  exactly  the  same  bulk  as  one  fluid  ounce  or  -Jv 
gallon  of  water ;  that  is,  since  a  gallon  of  water  occupies  277*274  cubic 
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inches,  (277-274  -^ftO)  or  3'466  cubic  inches  ;  and  so  for  fractional  porta  of 
the  units  of  liquid  measure. 

Measurement  of  Time. — It  is  nut  possible  or  necessary  to 

do  more  in  treating  of  this  than   to   suggest  one   or  two  leading 

principles.     A  simple   v  -pper,  consisting  of  a  vessel  of 

water  in  the  bottom  of  which   there  is  a  minute  hole,  through 

which  the  water  falls,  drop  after  drop,  into  a  dish,  was  used 

anciently  under  the   name  of  the  Clepsydra.      Tin:  water  which 

fell  through    was    kept   in    the   lower   vessel :    the   amount   there 

accumulated,  or  equally  the  loss  of  level  in  the  upper  vessel, 

indicated  approximately  the  lapse  of  time.     It  was  found,  h<m- 

iiat  the  How  of  water  from  a  vessel  of  this  description  was 

far  from  uniform.     The  use  of  Wheelwork  set  in  motion  by 

some  constantly  acting  force  was  a  fruitful  suggestion:  setting  the 

wheals  to  indicate  the  amount  of  their  own  rotation  by  means  of 

pointers  connected   with  their  axles  was  a  plan  early  adopted ; 

the  train  of  wheelwork  was  set  in   motion   by  a  falling  weight; 

but   these    wanted    some    regulating   contrivance   by    which    the 

motion    might    be   rendered   uniform.      A  heavy   flywheel  was 

adapted  to  the  n  ism,  but  without  the  desired  result  being 

fully  attained  ;   and  it  was  only  after  Galileo's   observation  of  the 

fact  that   the    Pendulum   oscillates   from   side  to  side  in  almost 

exactly  equal  jk-i  i<nl.s  of  time,  whether  its  arc  of  oscillation  be 

great  or  small,  that   it    was   suggested    that   this  property  of  the 

Bight  be  rendered  available   for  regulating   clockwork. 

-  was  effected  by  Huyghens;  and   the  action  of  all  pendulum 

do-.  wioue  the  trains  of  wheelwork,  depeml-  OB  their 

regulation  by  an  isochronously — i.e.,  in  equal  times — oscillating 

pendulum.  uplest  mode  in  which  this  regulation  may  be 

(fleeted    is   the    following: — One   of    the    wheels   of   the   train   of 

mechanism   bears  on  its  circumference  an  appropriate   number  of 

teeth.       The    descent   of    the    weight   would,   if  there   were   no 

pendulum  attached,  cause  the.  mechanism  (•>  run  on  continuously 

until  the  weight  had  run  down  to  its  lowest  possible  point;  but  at 

endulum  one  of  the  teeth  of  the  wheel  is 

and  the  furthe:  -,  of  the  wheelwork  arrested. 

The  iso  i   of  the   oscillations  of  the  pendulum  is  not 

aed ;  ■•  in  the  external  temperature  cause  changes 

length  of  the  pendulum,  and  hence  in  its  rate  of  motion. 

The  contrivances  by  which  compensation  is  made  for  this  cause  of 

error,  so   that   the   rate  ol   oscillation   is   maintained  practically 

oniform.  will  be  explained  under  Heat. 
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The  measurement  of  small  intervals  of  time  is  of  great 
portanoe.  A  tuning-fork,  if  a  writing-point  be  attached  to  it, 
Will,  when  vibrating,  describe  wavy  lines  on  a  piece  of  smoked 
glass  or  paper  drawn  under  the  writing -point.  If  the  tuning- 
fork  vibrate  400  times  per  second,  the  time  taken  to  draw 
each  wave  on  the  paper  must  be  the  four- hundredth  part  of 
a  second ;  and  if  any  other  phenomenon  be  so  produced  and 
arranged  as  to  record  its  own  performance  by  a  line  on  the  paper 
or  the  glass,  parallel  to  the  wavy  line  of  the  tuning-fork,  its 
duration  may  be  estimated  by  counting  the  number  of  recorded 
vibrations  of  the  tuning-fork  to  which  that  duration  corresponds. 

Measurement  of  Mass. — Masses  are  compared  with  one 
another  by  means  of  the  Balance.  The  accurate  and  expeditious 
use  of  a  delicate  balance  involves  attention  to  certain  practical 
rules,  which  will  be  found  set  forth  in  Kohlrausch's  Physical 
Measurements. 

Measurement  of  Force. — There  are  four  main  methods  of 
measuring  any  force.     These  may  be  stated  as — 

1.  Direct  Observation  of  Mass  and  Acceleration. 

2.  Direct  Counterpoising. 

3.  Indirect  Counterpoising. 

4.  The  Method  of  Oscillations. 

The  first,  the  method  »>f  direct  observation  of  the  mass  moved 
and  the  acceleration  imparted  to  it  by  the  force  to  be  measured, 
is  based  mi  the  equation  F  =  ma;  and  if  vi  the  mass  and  a  the 
oceel'  i;:tn  n  bl  known,  F.  the  Force  acting,  can  easily  be  found. 
This  method  presents,  however,  serious  practical  difficulties  in  the 
olwervation  of  the  acceleration  produce- 1. 

One  important  problem  to  be  solved  by  this  method  is  the  detenninatio 
of  the  force  with  which  gravity  acU  upon  a  unit  mass  of  matter  at  any  place. 
The  equation  F  —  ma  show*  that  if  we  DM  a  unit  mass,  F  =  a;  thus  we  need 
only  find  the  acceleration  produced.  This  is  effected  roughly  by  A tt wood's 
Machine.  In  this  the  weight  of  one  gramme  is  used  as  the  force  which 
sets  a  larger  mass  in  motion.  If  it  set  only  its  own  mass  in  motion,  a 
velocity  is  acquired  so  great  as  not  to  be  easily  observed  :  if  this  limited 
force  set  a  larger  mass  in  motion,  the  speed  acquired  is  less,  varying  inversely 
as  the  mass,  for  a  =  F/ra.  If  a  gramme  in  falling  set  a  mass  of  100  grammes 
(including  its  own  substance)  in  motion,  it  can  only  acquire  a  velocity 
one-hundredth  that  which  it  would  have  acquired  if  it  had  fallen  alone. 
The  essential  part  of  A  tt  wood's  machine  consists  of  a  wheel  over  which  two 
masses  are  suspended.  Let  these  masses  be  49}  and  50}  grammes.  The 
total  mans  set  in  motion  is  100  grammes,  and  the  force  acting  is  the  excess 
in  weight  of  the  heavier  mass  over  the  lighter — that  is,  SO}  -  49}  «  the 
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weight  of  one  gramme.  Let  this  gramme  not  be  a  fixed  part  of  the  heavier 
dim,  but  merely  a  piece  of  wire  which  can  be  removed  by  making  the 
weighted  maw  fall  through  a 
metal  ring.  A  pendulum  which 
beat*  seconds  regulates  a  time- 
attached  to  the  wheelwork 
r  the  timepiece  is  an  "  excenlric," 
which  works  a  lever  :  thio  lever, 
at  a  pre-arranged  instant,  pushes 
or  pulls  away  a  little  plate  which 
rapports  the   1  uss;   this 

mass  finds  itself  suddenly  exposed 
In  action  of  gravity ;  the 
weight  of  the  little  gramme-load 
imparts  to  the  whole  mass  a  cer- 
tain velocity  ;  the  ring  is  placed 
it  such  a  position  as  to  catch  the 
wiie  exactly  at  the  end  of  one 
stand,  this  being  indicated  by  the  4»'  ^\\w| 
tound  of  the  timepiece  and  pendu-  ^v^^ 
lura  .  with   th.t  click  of       Nv-^.\\ 

Uw  wire  Bpoa  the  ring  which 
catches  it  as  it  falls.  Thereafter 
there  is  no  force  acting,  and  the 
mass  of  99  grammes  continues 
•ve  uniformly  according  to 
the  first  law  of  motion.  Its  speed  cau  be  observed  by  comparing  the 
distance  it  travels  with  the  ticking  of  the  timepiece.  This  is  done  by 
placing  a  little  plate  to  receive  the  falling  body.  A  slight  sound  will  be 
made  by  the  falling  body  touching  this  plate.  If  this  sound  and  that  of  the 
pradolum  coincide  th  in  the  right  position  ;  if  not,  that   position 

be  fonnd  by  a  process  of  trial  and  error.      It  is  found  that  if  a  pair 
masses  of  49  J  grammes  each  be  suspended  over  the  pulley,  and  one  of 
i  be  loaded  with  one  gramme  so  that  the  whole  mass  to  be  moved  weighs 
l'K)  grammes  ;  if  the  overweight  be  taken  ofF  at  the  end  of  one  second  by  a 
1   masses  be  allowed  to  move  onward  with  their  then 
'  ;  if  a  plate  be  so  adjusted  under  the.  ring  as 
to  check   this  motion  precisely  at  the  end  of  a  second — it  is  found  that 
|  plate  must  be  9*81  centimetres  below  the  ring.      This  shows  that  the 
I  acting  (the  weight  of  one  gramme),  acting  for  one  second,  is  able,   to 
I  to  a  mass  of  100  grammes  a  velocity  of  9*81  centimetres  per  second. 
Hence  by  the  equation  F  =  ma,  F,  the  weight  of  ocm  gramme,  is  equal  to 
100  grammes  x  9-81  centimetres  =  981   dynes.     This  method  can  give  no 
ban  an  approximation  to  the  value  required. 
Much  greater  accuracy  is  attained  by  the  use  of  the  Pendulum.      The 
of  oscillation   of  a  pendulum,  as  we  shall  afterwards  learn,  varies  in- 
ly as  the  square  root  of  the  force  of  gravity  at  the   place  where  the 
i«  made.     The  time  of  the  oscillation  of  any  pendulum  can  be 
'  accurately  known  by  observing  the   time  taken   to  perform  a  « 
ciently  large  number  of  oscillations,  and  dividing  that  time  by  thewh.de 
of  oscillations.     From  this  observation  can  be  deduced  the  local 
of  gravity. 
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Measurement  of  Force  by  Direct  Counterpoising. — In  an 

ordinary  balance  whose  arms  are  perfectly  equal,  the  force  with 
which  gravity  acta  on  the  mass  in  one  pan  is  equal  to  that  with 
which  it  acta  on  the  mass  in  the  other.  For  one  of  these  we 
may  substitute  another  force  of  any  kind  but  of  equal  amount. 
If,  for  instance,  we  use  a  balance  with  glass  pans,  we  may  lay  one 
of  the  glass  pans  on  the  surface  of  mercury  and  determine  what 
mass  must  be  put  in  the  other  pan  to  pull  the  first  from  the 
mercury.  Let  this  be  47  grammes,  and  the  area  of  the  glass  pan 
25  square  centimetres.  Then  a  force  equal  to  the  weight  of  47 
grammes  is  necessary  to  pull  25  square  centimetres  of  the  surface 
of  glass  away  from  mercury — that  is,  1*88  gramme  per  square 
centimetre  ;  and  the  force  of  adhesion  between  mercury  and  glass 
is  for  every  square  centimetre  equal  to  the  weight  of  1*88  grammes 
— that  is,  a   force  of  1*88  x  981  =  184428  dynes. 

A  soap  film  tends  to  contract.  If  we  find  how  much  mass 
must  be  suspended  on  a  soap  film  of  a  certain  size  in  order  to 
prevent  it  from  contracting,  the  force  of  contraction  will  be  equal 
to  the  weight  of  the  mass  which  the  film  supports,  and  that  force 
can  hence  be  measured  in  absolute  units. 

This  method,  aa  well  as  the  next,  lends  itself  readily,  so  readily  tluti 
special  explanation  is  necessary,  to  the  measurement  of  stresses,  pressures, 
tensions. 

Measurement  of  Force  by  Indirect  Counterpoising. —  Ltd 
us  suppose  that  we  have  access  to  a  standard  unit  of  mass.  This 
is  hung  upon  a  spiral  or  spring  of  steel  wire.  It  is  observed  to 
lengthen  the  spring  by  a  certain  measured  amount  If  another 
mass  be  hung  upon  the  same  spiral,  and  if  the  lengthening  pro- 
duced  be  the  same,  the  inference  is  that  the  action  of  gravity 
upon  the  second  mass  is  equal  to  that  on  the  first,  and  hence,  if 
the  two  observations  be  made  at  the  same  place,  that  the  second 
mass  is  itself  equal  in  quantity  to  the  first.  This  is  the  principle 
of  the  Spring  Balance.  Different  known  weights  may  he  sus- 
pended on  such  a  spiral,  and  the  elongations  produced  may  be 
recorded  on  a  scale  attached  to  the  instrument,  If  a  mass  of 
unknown  amount   be  si  to   the  spiral,  its  weight   may  be 

found  by  reading  on  the  BOalfl  the  number  I  n  ianl  pounds 
and  ounces,  etc.,  requisite  to  produce  the  same  distortion  as  the 
unknown  mass  causes  when  hung  upon  the  Hnu 

The  Instrument  known   in  one  form  as  a  s]  8   is 

known  in  another  as  a  Dynamometer.  The  form  of  the  steel 
spring  used  is  quite  independent  of  the  principle  involved,  which 
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is  that  if  two  forces  produce  equal  distortions  in  a  body,  these 
forces  must  be  equal  to  one  another.  If  a  man  can  pull  a  spring 
out  two  inches,  and  if  20 (J  lbs.  must  be  hung  on  the  spring  to  pro- 
duce the  some  distortion,  the  man's  pull  is  equal  to  the  weight 
Of  200  lbs. ;  similarly  the  force  required  to  pull  the  spring  out 
two  inches  is  equal  to  that  which  must  be  exerted  to  raise  a 
weight  of  200  lbs.;  and  these  can  be  tr.inslati id,  when  we  know 
the  local  acceleration  of  gravity,  into  forces  measured  in  absolute 
unite.  If  he  can  give  it  a  blow  which  will  compress  it  for  a 
moment  to  the  same  extent  as  a  Weight  of  140  kilogrammes 
placed  on  it  would  do,  the  force  of  his  blow  is  equal  to  the 
weight  of  140  kilogrammes — that  is,  140.000  x  981  = 
137,340,000  dynes.  If  he  can,  by  closing  hi3  hand  firmly, 
distort  a  spring  to  a  certain  extent,  it  can  easily  be  ascertained 
whit  amount  of  weight  acting  on  the  spring  is  capable  of  pro- 
ducing the  same  distortion.  This  is  usually  done  beforehand, 
md  the  instrument  is  provided  with  a  graduated  scale  which 
indicates  what  amounts  of  weight — at  the  place  where  the  in- 
strument is  made,  be  it  remembered — correspond  to  the  various 
readings  of  the  pointer.  When  his  flexor  muscles  contract  so  as 
to  force  the  pointer  of  the  dynamometer  to  indicate  84  kilo- 
grammes, the  distortion  produced  by  them  is  equal  to  that  pro- 
duced bt  of  84  kilos  at  Paris  if  the  instrument  have 
been  made  there — that  is,  since  W  =r  mg,  84,000  grammes  X 
981  cm.  =  82,404,000  dynes. 

Illustrations   of    this    principle   abound.      The    attraction    of 
magnetism  may  be  measured  in  a  similar  way.     Let  a  magnet 
attract  a  piece   of  iron,  which  is  attached  to  a  spiral,  to  such  an 
extent  that   the   spiral  is  lengthened,  say  one  inch,  when  the 
magnet  is  at  a  distance  of  a  tenth  of  an  inch  from  the  iron.      It 
id   that,  say,  2  lbs.  3  oz.  must  be  hung  on.  that   spiral   to 
produce  the  same  distortion ;  the  magnetic  attraction  is  equal  to 
the  local  weight  of  a  mass  of  2  lbs.  3  oz.     This  is  an  undesirable 
lethod   from  the   practical  point  of  view,  but   it   shows    how 
tic  and  other  attracting  forces  can  be  compared  with  forces 
absolute  amounts  we  know. 
If  an  electromagnet  can  hold  ten  pounds  of  iron,  but  cannot 
support  ten  pounds  and  a  grain,  the  force  of  attraction  is  equal 
to  the  weight  of  ten  pounds ;  for  instead  of  the  magnetic  attrac- 
tion, we  might  have  used,  in  order  to  prevent  the  ten-pound-mass 
of  iron  from  falling,  another  ten-pound -mass  connected  with  it  by 
a  cord  passed  over  a  pulley. 
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If  we  take  a  bar  of  metal,  suspend  it  on  centres  at  each 
end,  fix  it  firmly  at  one  end  so  aH  to  prevent  that  end  from 
rotating,  and  hang  a  known  weight  over  the  side  of  that  end 
which  is  free  to  rotate,  we  find  that  the  bar  is  twisted  ;  this  effect 
is  measurable.  Whatever  other  force  will  produce  the  same 
effect  must  be  equal  to  the  known  freight  which  caused  it.  If 
the  body  to  be  twisted  bo  a  glass  or  silk  fibre,  the  amount  of 
force  required  to  twist  it  is  smalL  To  twist  such  a  fibre  through 
a  certain  number  of  degrees,  a  certain  fractional  number  of 
grammes'  weight  must  be  applied  at  unit-distance  from  the  centre. 
If  an  electric  attraction  be  applied  to  a  body  suspended  by  such 
a  silk  fibre,  the  suspended  body  is  attracted,  the  suspending  fibre 
may  be  twisted  ;  to  produce  the  observed  torsion  or  twist,  a  certain 
number  of  gTammes'  weight  must  be  applied  ;  the  electric  attrac- 
tion can  be  stated  to  be  equal  to  the  weight  of  so  many  grammes, 
and  therefore  to  so  many  absolute  units  of  force. 

Ruhelage:  Equilibrium -position.  —  It  is  often  advantageous  to 
measure  the  force  acting  on  a  displaceable  object  by  balancing  that  dis- 
placing force  against  another  force,  so  adjusted  as  to  bring  the  displaces 
back  to  zero  value,  A  magnetic  needle  deflected  by  a  current  is  twisted 
back  into  its  original  position  by  a  twisted  suspending  fibre  ;  the  torsion 
imparted  to  the  suspending  thread  is  measurable  and  represents  a  known 
number  of  dynes.  The  force  acting  on  the  needle  is  thus  measured.  The 
advantage  of  this  method  is  that  we  obtain  precisely  what  we  wish,  the  full 
force  .xerted  by  the  current  on  the  needle  when  in  its  original  position,  not 
the  force  acting  on  it  in  any  other  position ;  and  we  thus  eliminate  any  dis- 
turbance produced  by  such  variations  in  that  force  as  may  be  due  to  variations 
in  the  position  of  the  suspended  needle  itself. 

The  fourth  method  is  that  of  oscillations.  If  a  magnet  be 
brought  near  another  magnet  it  oscillates  from  side  to  side.  If 
it  be  brought  near  a  stronger  magnet  it  oscillates  more  fre- 
quently. It  can  be  proved  that  the  velocities  produced  vary  as 
the  square  root  of  the  forces  causing  the  oscillations.  Hence  we 
count  the  number  of  oscillations  in  a  given  period  in  two  cases, 
and  the  ratio  of  their  squares  is  the  ratio  of  the  two  forces. 
If.  for  instance,  a  magnetic  needle  oscillate  fifteen  times  a  minute 
in  presence  of  a  magnet  A,  and  sixty  times  in  presence  of  a 
magnet  B ;  the  forces  acting  in  the  two  eases  are  as  the  square 
of  15  is  to  the  square  of  60,  or  as  1    to  16.     In  this  way  we 

;ible  to  compare  the  forces  acting  under  the  given  conditions, 
hut  we  do  not  learn  the  absolute  amount  of  either.  That  must 
ascertained  by  one  of  the  other  methods  previously  discussed. 


CHAPTER  IV. 

WOBK  AND  ENERGY. 

Work. — When  a  force  "acts  upon"  a  body,  and  that  body 
mores  in  the  direction  of  the  force,  that  force  is  said  to  Do 
Work,  and  the  work  said  to  be  done  by  it  is  measured  by  the 
product  of  F,  the  force  acting,  into  «,  the  space  through  which  the 
body  has  moved — 

Work  =  F*  =  mas. 

For  example  :  Steam  exerts  on  the  piston  of  a  cylinder  a  force  or  pressure 
of,  aay,  30  lbs.  per  square  inch  ;  the  area  of  the  piston  is,  say,  30  square 
inches ;  the  whole  pressure  exerted  is  thus  equal  to  the  weight  of  900  lbs. 
Tht  piston  is  thrust  through,  say,  16  inches.  The  work  done  is  900  lbs.  x 
lj  ft.  =  1200  foot-pounds  at  each  stroke. 

Conversely,  when  a  force  acts  upon  a  body  and  that  body 
moves  or  is  moved  in  a  direction  opposed  to  that  of  the  force, 
that  force  is  said  to  be  Resisted,  and  work  is  said  to  be  done 
against  it;  and  Fs,  the  product  of  the  force  resisted  into  the 
space  traversed,  represents  the  work  said  to  be  done  against  the 
force  so  resisted. 

When  a  ten-pound  mass  is  raised  ten  feet  against  gravity,  the  work  done 
sgainst  gravity  is  equal  to  the  product  of  the  space  traversed  into  the  force 
resisted — i.e.,  10  ft.  x  wt  of  10  lbs.  =  100  foot-pounds.  In  this  case 
Work  =  F*  as  usual ;  but  F,  the  force  resisted,  is  the  weight  of  a  mass  m, 
sad  therefore  F  =  mg:  consequently  the  work  done  Ft  <=  mgs. 

Suppose  a  man  to  walk  against  a  heavy  gale  of  wind,  the  mean  pressure 
of  which  is  40  lbs.  per  square  foot.  If  the  surface  presented  to  the  wind- 
pressure  be  virtually  5  sq.  ft,  the  total  pressure  of  the  wind  will  be  200 
lbs.,  and  the  effort  of  walking  against  it  will  be  the  same  as  if  the  man 
pulled  a  weight  of  200  lbs.  out  of  a  pit  by  means  of  a  cord  thrown  over  a 
pulley.  If  the  man  make  his  way  for  a  mile  he  will  have  resisted  a  mean 
pressure  of  200  lbs.  through  a  space  of  5280  ft.  He  will,  therefore,  have 
done  1,056,000  foot-pounds  of  work  ;  an  amount  of  work  which,  otherwise 
directed,  would  have  sufficed  to  lift  him  up  (his  total  weight  being  supposed 
to  be  150  lb&X  to  twice  the  height  of  Snowdon. 
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There  is  no  Work  done  against  or  by  the  force  acting  unless 
there  be  actual  Motion.  We  might  imagine  machinery  to  be 
driven  by  an  avalanche  during  its  fall ;  but  not  before,  and  not 
after.  Gravity  does  no  Work  upon  a  resting  stone :  it  does  work 
upon  a  falling  stone. 

If  Fs  —  l,  we  have  the  Unit  of  Work.  This  is  the  case 
when  F  =  1  and  s  =  1  ;  that  is,  a  unit  of  work  is  done  when  a 
body  acted  on  by  unit  force  moves  through  a  unit  distance.  In 
centi^ramme-second-grainiiur  incus  urea  the  unit  of  work  is  done 
by  raining  flJ^  gramme  (mass  whose  weight  at  Paris  =  1  Dyne) 
to  the  height  of  one  centimetre.  This  is  the  Erg.  The  erg  is, 
however,  a  very  small  unit  of  work,  and  for  many  purposes  it  is 
convenient  to  use  the  ICegalergi  which  is  equal  to  1,000,000 
Ergs,  and  would  therefore  be  the  amount  of  work  done  in  raising 
iouoo  =  i0-19  grammes  through  one  metre;  or  the  Erg  ten,  1010 
or  10,000,000,000  Ergs;  or  the  Joule,  107or  10,000,000  Ergs. 

In  British  measures  32*2  units  of  work  are  done  in  raising  a  pound- man 
through  one  foot  Such  units  of  work  are  called  foot-poundals.  British 
engineers  are  in  the  habit  of  using  the  ioot-pound  (the  work  spent  in  rawing 
one  pound  one  foot)  as  a  unit  of  work.  This  would  be  satisfactory  if  foot- 
pounds were  equal  over  the  whole  earth,  but  g,  the  acceleration  of  gravity, 
varies  from  place  to  place.  Hence  the  foot-pound  is  from  place  to  place  a 
variable  measure,  varying  between  the  Equator  and  the  Polw»  by  about  one- 
half  (0*512)  per  cent.  ;  and  it  has  to  be  redliosd  for  each  place  to  absolute 
unit*  of  work  by  the  equation — Work  m  Ft  =  Weight  x  t  —  mgs,  and  the  foot- 
pound is  equal  to  g  foot-poundals,  where  g  is  measured  in  feet  (32*2  nearly). 
The  foot-pound  i-  sjqutl  bo  13,562,691  Ergs,  when  £  =  981  cm.  The  kilo- 
grarnrni-ni'tr'-,  01  Kn  u  h  .  n.'in..  rs'  unit  of  work,  is  1000  gnns.  x  100  cm. 
xy=  98,100,000  Ergs. 

Any  amount  of  work  may  be  specified  as  the  product  of  two 
numbers,  which  represent  respectively  a  force  and  a  space.  These 
may  vary,  but  if  they  have  the  same  product  the  amount  of 
work  done  is  the  same.  A  pound  raised  100  feet,  100  pounds 
raised  one  foot,  fifty  pounds  raised  two  feet,  four  pounds  raised 
twenty-five  feet,  all  represent  the  same  amount  of  work,  namely, 
100  foot-pounds,  it  being  here  assumed  that  the  force  of  gravity 
is  uniform  within  height!  of  100  feet 

Since  Work  =  F*;  it  follows  that  F  **  Work -s- 1 ;  whence  Force  is  the 
number  of  units  of  work  done  u[>on  or  by  a  moving  body  divided  by  the 
number  of  units  of  space  traversed  by  that  body.  Force  is  therefore  a  rate 
at  which  work  is  observed  to  be  done,  per  unit  not  of  time  but  of  apace 
traversed. 

This  looka  like  a  definition  obtained  by  reasoning  in  a  circle  ;  but  if  it 
be  presented  in  the  equivalent  form — Force  is  the  Rate  at  which  a  moving 
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Iwdf  gains  or  loses  either  potential  or  kinetic  Energy  per  Unit  of  Space 
inverted — we  shall  presently  understand  that  it  is  not  a  truism,  for  Energy 
U  i  physical  entity. 

The  Mean  Bate  of  Doing  Work  is  the  whole  work  done 
in  a  given  time  divided  by  the  time.  If  an  engine  can  raise 
1,980,000  pounds  one  foot  in  an  hour,  its  mean  rate  of  doing 
work,  or,  as  Sir  William  Thomson  phrases  it,  its  Activity,  is 
33,000  foot-pounds  per  minute,  or  550  foot-pounds  per  second. 
Thii particular  mean  rate  is  known  by  Engineers  as  a  Horse- 
power ;  and  an  engine  of  one-horse  power  can  do  this  amount  of 
Cwork,  A  horse  can,  according  to  General  Morin,  do  26,150  foot- 
pounds per  minute,  and  a  labourer  from  470  (lifting  earth  with 
a  spade)  to  4230  (raising  his  own  weight,  treadmill  exercise)  per 
minute.  The  French  horse -power  (cheval-vapeur)  is  75  kHo- 
Kramnieter ■■ .  00,000  ^=7,357,500,000  Ergs  per  second; 

whilst  the  British  horse-power  is  equal  to  7,459,480,050  Ergs 
per  second,  when  (7=  981  cm. 
The   Unit  of  Activity  is  frequently  taken  as  one  Watt,* 
which  representa  10  Megalergs  per  second.     The  British  horse- 
power is  thus  equal  to  746  Watts  nearly,  the  French  to  73 5  J. 

If  a  man  weighing  14  stone  run  upstairs  at  such  a  rate  as  to  gain  3 
feel  in  vertical  height  every  second,  his  muscular  system  is  doing  every  second 
Ike  work  of  carrying  1 5)6  lbs.  up  3  feet,  1>.,  588  foot-pounds.  If  this  could 
be  kept  up  Ear  ■  minute,  00  x  .588  =  35,280  foot-pouti-ls  would  bt  done,  and 
the  man  would  be,  in  the  case  supposed,  undergoing  an  exertion  which  for 
the  moment  would  be  much  greater  than  a  horse  can  keep  up,  and  seventy- 
free  times  that  which  a  continuously -toiling  labourer,  lifting  earth  with  a 
spade,  can  sustain  ;  and  in  the  most  favourable  circumstances,  a  laboi. 
raising  hi*  own  weight  merely,  can  only  keep  up  one-eighth  of  this  effort. 

Activity  ia  alao  measured  as  Ft',  Force  x  Velocity  ;   for  v  =  ajt ;  and,  there- 
fore, A  -Fv. 

Energy. — When  a  body  weighing  ten  pounds  is  raised  ten 
feet,  an  h  from   falling,  the  work  done  upon 

it — 100  foot-pounds — can  be  recovered  by  permitting  it  to 
fall  upon  a  train  of  mechanism.  If  the  mechanism  were  per- 
I'l  be  so  restored  that  another  t'li-pouud  mass 
might  be  projected  by  it  to  a  height  of  ten  feet,  a  fifty-pound 
mass  to  a  height  of  two  feet,  and  so  on.  The  fact  that  we  cannot 
obtain  perfect  mechanism  does  not  affect  the  principle.  The 
body  at  a  height  has   therefore  a   power  of  doing  work  equal  to 

*  There  is  some  confusion  a*  to  this.  Sir  C.  W.  Rumens  suggest**!  {Brit.  Assoc., 
Prrtid.  Addrrtt,  1882)  that  107  erg*  be  called  a  Joule,  aud  107  crga-per-second  a 
Watt.  Practical  men  are,  however,  drifting  into  the  habit  of  speaking  of  a  Watt 
CIO7  ergs)  or  a  Watt-per-second,  as  the  case  may  be. 
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the  work  done  upon  it  in  lifting  it.  In  this  case  the  power  of 
doing  work  has  been  conferred  upon  a  body  by  the  separation  of  it 
from  the  earth  against  the  action  of  gravity:  as  it  remains  in  its 
elevated  position,  there  is  a  stress,  or  pull,  or  attraction,  tending 
to  draw  it  down,  and  it  is  only  in  virtue  of  this  stress  that  it  has 
any  power  of  doing  work.  If  the  earth  und  the  elevated  body 
ceased  to  attract  one  another,  the  body  would,  if  liberated, 
not  fall  down,  and  would  not  restore  the  100  ft.-lbs.  of  work 
spent  upon  it.  We  know  tliat  the  work  done  in  raising  a 
mass  ■  through  a  height  s  against  gravity  is  nigs:  the  energy 
stored  up  in  the  body  is  therefore  equal  to  mgs,  and  is  seen  to 
depend  on  the  mass  of  the  body,  the  height  at  which  it  is  pla« 
und  the  local  accelerative  e(V  nvity.     Energy,  or  power  of 

doing  work  stored  up  in  this  way,  is  Lulled  Potential  Energy,  or 
Static  Energy,  or  Energy  of  Position,  or  Energy  of  Stress. 
As  an  example  of  Potential  Ene»  maj  take  that  stored  up 

in  a  mill-pond.  The  number  of  units  of  Energy  in  such  a  pond 
may  be  found  by  taking  the  product  of  the  quantity  of  water  in 
it  and  the  average  height  at  which  it  is  placed,  and  multiply 
that  product  by  the  local  value  of  g.  A  small  quantity  of  water 
at  a  great  height  may  obviously  have  the  same  amount  of  energy 
stored  up  in  it  as  a  larger  quantity  at  a  lesser  height.  If  the 
question  be  put.  How  much  work  could  be  got  by  appropriate 
mechanism  from  the  rise  Bud  fell  of  the  tide? — we  consider  (1) 
the  total  amount  of  water  carried  into  the  areu  which  can  he 
brought  within  the  range  of  the  mechanism,  (2)  the  average 
height  to  which  it  rises,  and  (3)  the  local  value  of  g. 

We  have  also  energy  stored  up  in  such  bodies  as  watch- 
springs.  Work  is  done  upon  them  in  distorting  them,  and  pro- 
ducing a  movement,  not  of  their  mass  as  a  whole,  but  a  relative 
displacement  of  their  [.arts.  This  work  is  restored  and  utilised 
in  producing  movement  of  the  mechanism  attached.  When  a 
watch-spring  is  distorted  and  held  fast  bo  that  the  distortion  or 
strain  persists,  the  whole  mass  remains  in  a  condition  of  Stress, 
and  tends  at  the  first  opportunity  to  restore  the  work  done 
upon  it. 

If  we  look  at  our  previous  example  of  the  earth  and  a  stone 
lifted  from  its  surface,  we  see  that  the  phenomenon  is  on  the  large 
scale  one  of  the  same  order.  The  earth  and  the  stone  together 
constitute  a  system :  when  this  is  deformed  by  pulling  the  stone 
away  from  the  earth,  the  system  tends  to  return  to  its  original 
form,  and  there  is  a  stress  between  the  earth  and  the  stone,  which 
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continues  until  the  Btone  is  allowed  to  fall  back  to  the  earth. 
If  the  stone  had  been  connected  with  the  earth  by  a  band  of 
iodiarubber,  we  would  have  seen  the  indiarubber  to  be  stretched 
or  under  stress,  and  would  easily  see  that  if  the  stone  were  liberated 
it  would  be  pulled  back  towards  the  earth ;  but  the  question  is, 
What  is  under  stress  in  the  actual  case  ?  for  there  is  no  visible  con- 
necting cord  between  the  stone  and  the  earth.  If  wc  could  state 
what  this  was,  we  would  be  able  to  arrive  at  the  cause  of  Gravi- 
tation. As  it  is  our  knowledge  ceases.  That  there  is  some 
medium,  and  that  it  may  be  under  stress,  is  a  theory  necessary 
for  the  exposition  of  Electricity,  of  Light,  of  Magnetism,  nnd  of 
Heat;  but  we  are  by  no  means,  as  yet,  entitled  to  say  that  bI 
in  this  medium  is  the  cause  of  gravitation. 

U'-.rk  may  be  done,  then,  in  altering  the  relative  configuration 

of  a  system,  whether  this  consists  of  large  masses  or  of  smaller 

particles.      If  this  system  be  what  is  known  as  a  "  Conservative 

System/'  in  which  a  stress  may  be  established  depending  upon  the 

configuration,  and  only  upon  the  configuration  (not  in  any  degree 

upon  the  history  of  any  antecedent  deformations   through  which 

the  configuration  in   question  may  have  been   arrived  at),   the 

system  will  tend  when  work  has   been  done  upon  it  to  return  to 

its  original  form,  and   to  restore   the  work  done  upon  it      If  its 

elation  to  surrounding  objects  be  such  that  it  cannot  so  return, 

it  will  bo  under  stress,  and  will  continue  under  stress  until  its 

•us  to  surrounding  objects  have  become  such  as  to  permit  it 

"f  restitution  ;  then,  at  the  first  opportunity,  it  will  restore 

be  work  done  upon  it. 

ge  in  its  relations  to  surrounding  objects  necessary  to  render  thia 
in  possible  may  be  very  small  ;  for  example,  a  heavy  mass  may  be 
prevented  from  falling  by  a  very  small  catch,  but  when  the  catch  is  removed 
the  body  folia.  The  cause  of  the  body  fulling  is  not  simply  the  release  of 
the  catch,  but  also  the  previously  existing  con  formation  of  the  distorted 
•y-t-.-m. 

Similarly,  the  ingredients  of  (J un  powder  have  a  tendency  to  combine  : 
particles  are  chemically  separate,  but  chemically  attract  one  another,  and 
therefore  possess  potential  energy ;  the  application  of  a  very  tmall  amount  of 
heat,  as  by  a  spark,  liberates  these  particles,  which  can  rush  together  and 
form  new  and  stable  compounds,  which  have  no  longer  any  tendency  to 
alter  :'  latution,  being  no  longer  under  the  same  stress, 

1  energy.  As  it  happens  that  in  thin 
special  cam  the  new  and  stable  compounds  formed  are  mainly  gaseous  at  the 
ordinary  temperature  and  pressure,  the  products  of  combination  occupy  a 
much  Larger  bulk  than  the  original  gunpowder,  and  the  result  is  an  ex- 
plosion. The  spark  only  produce*  its  own  small  effect  ;  the  previous  arrange- 
ment  of  the  particles  of  the  powder  is  responsible  for  the  rest. 
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poundala.  The  one  kind  of  energy,  the  potential,  is  transformed 
into  another,  the  kinetic,  and  there  is  in  the  system  (earth  and 
■feme)  neither  gain  nor  loss  of  energy  doling  the  transformation. 
This  is  the  simplest  case  of  a  widely  applicable  principle,  that  of 
the  Conservation  or  Indestructibility  of  Energy. 

This  principle  is,  that  if  a  system  of  bodies  have  a  certain 
amount  of  energy  in  one  form,  it  must  retain  that  energy  in  one 
form  or  another  unless  it  come  into  such  relations  with  other 
bodies  as,  together  with  them,  to  form  a  larger  system  in  which 
the  energy  becomes  differently  distributed ;  and  if  the  system  be 
so  large  that  there  is  no  other  body  with  which  it  can  enter  into 
such  relations — that  is,  if  the  system  which  possesses  the  energy  be 
the  whole  Universe — that  system  cannot  gain  or  lose  energy  by 
sharing  with  other  bodies,  and  hence  the  total  amount  of  Energy 
in  the  Universe  is  invariable  and  numerically  constant. 

If  we  take  the  instance  just  discussed,  that  of  the  earth,  the 
bullet,  and  the  gun  pointed  vertically  upwards,  these  three  bodies 
possessed  before  the  explosion  a  certain  amount  of  energy,  potential 
in  the  gunpowder:  just  as  the  bullet  left  the  gun,  kinetic  in  the 
bullet :  when  the  bullet  was  detained  at  the  summit  of  its  course, 
potential  between  the  bullet  and  the  earth,  but  always  equal  in 
amount — the  same  number  of  foot-poundals.  While  the  kin- 
energy  was  being  transformed  into  potential,  work  was  being  done 
in  establishing  a  state  of  stress.  During  this  period  the  bullet  and 
the  eartli  were  relatively  moving,  and  the  acceleration  associated 
with  the  transformation  of  one  kind  of  energy  into  another  is  attri- 
buted to  a  force  acting  during  that  period.  Force  is  associated 
with  a  variation  in  the  rate  of  change  of  the  configuration  of  a 
system  under  which  the  energy  in  that  system  is  altered  in  its 
distribution  and  form,  and  is  said  to  act  only  as  long  as  that 
variation  continues. 

Transformations  of  Energy.  —  Knergy,  however,  assumes 
other  forms  than  the  two  discussed.  If  the  bullet  in  the  case 
adduced  be  allowed  to  fall  to  the  ground,  it  falls  more  and  more 
rapidly  until  it  regains  its  original  velocity,  and  therefore  its 
whole  kinetic  energy.  But  this  bullet  may  suddenly  strike  the 
ground  and  lose  all  its  kiuetic  energy :  it  has  already  lost  all  its 
potential  energy ;  what  has  become  of  the  energy  of  the  system  f 
We  find  that  the  bullet  and  the  part  of  the  earth  on  which  it  has 
fallen  are  warmed,  and  we  learn  from  a  wide  induction  of  similar 
cases  that  Heat  is  one  of  the  forms  of  Energy.  It  is  proved  to 
be  so  by  the  observation  that  the  same  amount  of  work,  if  entirely 
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spent  in  producing  heat,  will  always  produce  the  same  amount : 
5  foot-pounds  of  work  were  found  by  Joule  to  correspond 
to  ad  amount  of  heat  capable  of  raising  the  temperature  of  a 
pound  of  water  from  60°  to  61°  F.  The  Heat  possessed  by  a 
body  is  explained  as  being  the  Energy  possessed  by  it  in  virtue 
of  the  motion  of  its  particles.  Just  as  a  swarm  of  insects  may 
remain  nearly  at  the  same  spot  while  each  individual  insect  is 
energetically  bustling  about,  so  a  warm  body  is  conceived  as  an 
agpegation  of  particles  which  are  in  active  motion  while  the 
mass  as  a  whole  has  no  motion.  Heat  is  therefore  a  form  of 
kinetic  energy :  and  the  more  boat  is  imparted  to  a  body  the 
greater  is  the  kinetic  energy  of  each  particle.  If  M  represent 
the  average  weight  of  the  particles,  and  V  their  average  velocity, 
JHV"  represents  the  average  kinetic  energy  of  each  particle;  and 
tie  sum  of  all  the  masses  multiplied  by  half  the  square  of  the 
average  velocity  represents  the  intrinsic  kinetic  energy  of  the 
whole  mass.  The  words  "  sum  of  "  are  expressed  by  the  symbol  2. 
Intrinsic  Kim-tic  Km 'rgy  =  2(jMV2)  =  £V25(M)  =  £mV*, 
vrhere  m  is  the  whole  mass. 

When  a  bullet  possessing  actual  energy  of  motion  impinges 
un  a  target  there  is  a  certain  amount  of  Heat  obtained,  and  the 
bullet  may  be  partly  fused :  there  is  also  a  Hash  of  Light  and  a 
certain  amount  of  Sound.  Light  seems  to  be  a  phenomenon  of 
wave-motion  in  that  Ether  whose  existence  throughout  space  is 
apparently  a  necessary  hypothesis ;  so  also  is  Radiant  Heat,  such 
beat  as  streams  to  us  from  the  sun,  or  from  a  (ire  across  a  room ; 
and  in  tl  r,  partly  swinging,  partly  distorted  by  the  passing 

uvea,  the  energy  is  partly  kinetic,  partly  potential :  thus  we  say 
that  icrgy  of  Light — or,  briefly,  Light  itself — is  a  distinct 

form  of  KiH-i 

When  a  tuning-fork  is  made  to  vibrate,  work  is  done  upon 
.  irjg  it  in  the  first  place  a  distorted  form.     Its  arms  swing 
like   pendulums,  but  their  vibration   gradually  dies'  away  and  the 
energy  of  vibration  of  the  fork  becomes  converted  into  the  partly 
kinetic,  partly  potential  energy  of  vibration  of  the  air — that  is, 
afco  the  Energy  of  Sound ;  and  ultimately  it  is  converted  into 
formly-diffused  Heat. 
Em  then,  as  Energy  of  Mechanical   Position 

or  Motion,  as  Heat,  as  the  Energy  of  Light,  of  Sound,  and  again 
as  that  of  Electrical  or  Magnetic  condition ;  and  a  great  part  of 
our  work  is  to  study  the  modes  in  which  the  various  forms  of 
Energy  are  transformed  and  redistributed,  and  the  forces  and  the 
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phenomena  attributed  to  forces  which  are  associated  with  these 
transformations  and  redistributions. 

A  few  other  examples  of  Transformation  of  Energy  may  here  be  added. 
A  man,  ascending  a  stair,  gains  some  potential  energy  :  it  is  found  (Hirn) 
that  he  is  perceptibly  cooler  for  a  moment  The  heat  of  hiB  body  has  been 
parti  formed  into  potential  energy.     Of  course  the  oration  of  his 

muscles  and    the   excitement  of  his  rircolotion   cause  him   to   booODU  warm 

immediately  lAervranl*  Whan  ho  comes  downetein  he  eierifioei  the  potential 
energy  which  he  had  possessed  when  upstairs  in  virtue  of  his  ;>osi- 

tion,  and  which  he  might  conceivably  have  utilised  by  dropping  himself  out 
of  the  window  on  an  appropriate  machine  placed  on  the  paveimnL  This 
energy  is  not  lost,  for  he  is  (Hirn)  perceptibly  warmer  at  the  bottom  of  the 
stair  than  he  had  been  at  the  top.  At  every  step  downstairs  he  had  arrested 
his  own  fall,  and  had  consequently  converted  a  part  of  his  potential  energy 
liivt  into  kinetic  energy  and  then  into  heat 

AY  hen  a  quantity  of  voter  is  decomposed  by  an  electric  current,  the 
electric  current  is  diminished  ami  work  is  done  in  tearing  asunder  a  certain 
number  of  particles  of  oxygen  and  hydrogen.  These  separated  atoms  lend 
to  fall  together  again  and  form  the  stable  compound,  water.  The  mixture 
of  oxygen  and  hydrogen  thus  domed  by  "  electrolysis"  possesses  ]>otential 
energy  <■:  on.      Wbefl  I  applied  to  the  mixture,  a 

process  of  root  «  oces,  and  the  whole  of  this  potential  energy 

is  sacrificed  h  BOh,  lait  oppeon  in  the  f>rm  of  heat,  light,  and  sound, 
and  may  in  an  npp  partly  Spent  in  doing  mechanical 

writ 

The  heat  and  light  produced  by  combustion  and  by  chemical  combina- 
tions in  general  are  (broil  of  tained  by  transformation  of  the 
potential  energy  which  the  POftfdei  had  previously  possessed  in  virtue  of 
their  chemical  separation  and  chemical  uttinity.  Under  certain  .ire  um. "lances 
this  potential  energy  may  not  be  transformed  into  heat  or  light,  but,  as  in 
the  galvanic  hotTflJ,  in!  tgf  of  a  current  of  electricity,  which  may  in 
its  turn  be  made  to  do  ■  Mofotmed  into  heat,  Into  light,  into  sound, 
or  be  spent  fag  setting  up  mngnetie  condition,  and  so  on. 

When  an  engine  goes  round  without  doing  work  the  steam  remains  hoi 
When  th<  oa  work  the  .-team  fa  ooaledj  and  the  researches  of  Hirn 

1  shown  that  the  amount  of  work  dotie  is  exactly  equivalent  to  the  beat 
li  hoi  disappeared. 

;  in  engn>  i  bom  the  heal  evolved  by  the  <*om- 

:on  of  the  coal.  The  oal  of  the  furnace  and  the  oxygen  of  the  air  ru.-h 
together  and  I  ir  energy  of  chemn ally-separate  position,  which  was 

originally  I  by  the  action  of  '  rophyll  in  the  «u,il  pi.-lucing 

plants. 

When  a  plant  is  exposed  to  sunlight  it  has  the  power,  by  means  of 

dhlotophyU  or  colouring  matter  oj   the  letvee,  od  op  cerbo 

diox  hi  the  free  form,  and  of  dl 

the  carbon  in  a  leai  i  form  in  tti  own  Rsanae.    The  norh  I 

by  the  plant  in  tearing  asunder  the  constituents  of  OOg  it  ii  eiial>i"l  !••  <i<> 
by  the  an  tO  it  in  the  form  "1    Ught  tttd   Heat  radiated  from 

The  Sun's  rndiool  all  next  to  be  accouuted  f..r.     This  v  n-.t 

derived  from  conibu.-:ion,  for  the  suu  would  last  but  a  comparatively  short 
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tiate  if  it*  energy  were  derived  from  any  such  source  :  its  radiation  of  energy 
*emi  to  corr»--|MiTi«l   to  500   horse-puwrr  lYwtii  evt«ry  square  yard,  and  such 

Ltfow  would  MOO  .xliau-t  tht  iton  of  energy  if  the  sun  were 
merely  •  huge  fiTe  :  it  is  said  that  it  could  not  last  more  than  about  8000 
jctn.    It  has  been  suggested  that  i  ..  Inch  fall  into  the  sua  in 

great  numlxrn  are  capable  of  accounting  for  the  sun's  energy  ;  of  the  thicken- 
ing of  the  sun  due  to  this  cans*;  a  v.  amount  corresponds  to  a  very 

Urgt  amount  of  energy.  Those  meteorite  which  strike  our  own  earth's 
t&aospbere  are  retarded  and  greatly  heated  in  their  course  through  the  upper 
ttgiocs  of  the  air.  If  tluy  be  sraull  enough  they  are  entirely  broken  up, 
ssd  their  dust,  characteristically  ferruginous,  settles  down  on  the  surface  of 
the  earth,  and  may  bo  recognised  iu  the  dust  collected  from  some  specially 
Lmmrable  spots,  such  as  glaciers,  roofs,  and  snowy  wastes,  and  the  bottom  of 
the  a*a.  The  kinetic  energy  lost  by  a  meteorite  falling  upon  the  earth  be- 
comes distributed  between  it  and  I  in  the  system  of  which  the 
meteorite  becomes  a  port)  and  this  contributes  to  the  total  energy  possessed 
by  the  earth  ;  while  its  material  goes  to  increase  the  earth's  mass.  In  this 
wit  yordeoskjold  computes  that  the  earth  gains  every  year  at  least  half-a- 

i  i  the  same  way,  the  meteorites  which  fall  on  the  sun  must 
produce  a  flash  of  light,  tome  beat,  and  *  slight  thickening  of  the  sun.  It 
Ju«  si*,  been  <m agisted  that  a  rary  alight  ahrinking  of  the  mxa'i  man  mmM 
evolve  a  large  anion  Iti  particles  not  being  so  far  from  one 

inathcr  after  t  tioo  in  hulk. 

If  ri  rite  theory  be  accepted,  the  anestii  How  did  the 

ritea  get  their  energy  of  motion  .'     This  would   relegate  u-  to  the  con- 

ttderaiion  of  the  anivene  as  ■  Byetem  of  mtineorj  end  partidei  containing  as  a 

whole  a  fixed  .juantity  of  energy:  and  this  would  bring  EU  t'»  the  problem 

of  (k  !  this  syst-  I 

Availability  of  Energy. — When  a  certain  amount  of  en 

been   spent    in   rubbing  a   button,  the  button  is  perceptibly 

wanned.  is  exactly  equal  to  the  work  done 

in  robbing      It  is  -J-wV'2,  where  m  is  the  hot  mass  and  V  the 

locity  of  its  moving  particles.     All  this  we  know.     If 

a  little  time  elapse,  the  button  is  no  longer  perceptibly  warm:  it 

has  shared  its  heat  with  surrounding  objects :   their  particles  have 

been  induced  to  oscillate  more  rapidly.     Heat  lias  thus  a  tendency 

to  become  uniformly  diffused.     It  is  then  no  longer  available  to 

m/i*  G  work      It  ceases  to  be  power  of  doing  work  as  far 

ied  ;  bat  none  the  less  do  the  particles  of  a  hot 

body  set  in  motion  the  particles  of  a  cooler  body,  and  the  energy 

irh  has  thus  been  imparted  to  these  they  can  in  their  turn 

with  the  particlea  of  other  cooler  bodies.     The  temperature 

of  a  hot  body  tends  uniformly  to  diffuse  itself  throughout  the 

al  univei 

In  I  ranafonnation  of  Energy  we  find  that  some  energy 

is  wasted   through   conversion   into   Heat,  the   result,  direct  or 

I  Miction,  noise,  flashes  of  Light,  and  so  on.     This  heat 
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is  presently  distributed  pretty  uniformly  among  the  surrounding 
objects,  and  can  no  more  be  made  use  of  by  us  for  the  sake  of 
producing  work.  A  large  quantity  of  the  Energy  of  the  Universe 
must  have  already  assumed  tfaifl  relatively-useless  condition,  and 
in  the  course  of  time  the  whole  of  the  Energy  in  the  Universe 
will  have  assumed  it.  The  Energy  of  the  Universe  is  a  constant 
amount :  some  of  it  is  available,  some  is  non-available  :  the  former 
is  in  every  phenomenon  somewhat  diminished  but  never  increased : 
the  non-available  energy  is  constantly  increasing :  hence,  as  Tait 
put  it,  the  "Entropy"  (available  energy)  of  the  Universe  tends 
to  zero. 

Clausius,  the  originator  of  the  word  Entropy,  used  it  to  signify  a  certain 

Inuiatical  expression,  tin    -M  6)  of  p.  360,  which,  a*  applied  to  the  whole 

r  inverse,  tends  constantly  to   inr.reaae  to  a  maximum.      Thomson   expresses 

this    hv   saving   that  the  Motivity  (the   projKjrtiuii   between   lbs   available 

energy  md  the  whole  energy)  of  the  Universe  tends  to  zero. 

If  with  this  clue  we  trace  back  the  history  of  the  Energy  of 
tin-  Universe  we  find,  as  we  go  back,  less  and  less  of  the  total 
Energy  of  the  Universe  to  have  become  non-available.  On  gofafl 
back  far  enough  we  arrive  at  a  definite  period  when  none  of  the 
total  energy  had  become  non-available.  But  in  every  actual 
phenomenon  there  is  always  dissipation  in  this  way  of  some  part 
:he  total  energy  of  a  system.  Honce  we  find  that  we  are 
1 1  to  realise  a  precise  instant  before  which  there  were  no 
phenomena  such  as  those  with  which  we  an  now  acquainted,  and 
since  which  such  pheuomena  as  are  due  to  those  relation!  <>f 
matter  and  energy  wliich  are  within  our  knowledge  have  b 
occurring :  while  in  the  future  we  have  to  contemplate  a  moment 
at  which  the  whole  physical  universe  will  have  run  itself  down 
like  the  weights  of  a  clock,  and  after  which  an  inert,  uniformly- 
warm  mass  will  represent  tin;  whole  material  Older  of  things. 

The  onlv  way  of  escape  from  tin*  eOD&lQSJoi)  is  to  lay  emphasis  on  the 
fart  tliat  on.-  ptffl  of  tin-  total  Kn-r-v  of  the  Universe  is  unavailable  to  man, 
anil  to  suggest  that  at  HIM  time  a  state  of  things  may  supervene,  as  a  result 
of  whirh  the  molecular  motion  which  is  implied  in  a  state  of  uniformly- 
difTused  heat  may  be  so  arranged  and  diluted  as  once  more  to  produce* 
state  of  things  such  that  particles  may  become  aggregated  into  masse*,  in 
which  all  the  particles  may  move  on  the  whole  in  the  same  direction.  This 
is  what  Clerk  Maxwell's  "Demon"  is  pleasantly  imagined  to  do;  he  separates 
those  particle?  which  he  prevents  from  going  in  one  direction  from  those 
which  he  allows  to  go  in  another,  so  that  ere  long,  without  i-xjxuding  any 
work,  he  has   the   particles  divided   into  two   groups,   •"  >)>j»o*ite 

directions.  This  is  interesting,  hut  it  is  not  pretended  that  it  is  any  other 
than  a  speculation. 
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"  Conservation  of  Force  H  an  erroneous  phrase. — There  is  now 
no  warranty  for  this  expression.  It  was  originally  a  translation  of  the 
German  Erhaltung  dtr  Kraft,  where  Kraft,  nHHWifag  strength  or  force,  was 
ttsed  in  1847  by  Professor  Helmholtz,  for  want  of  a  battel  term,  to  indicate 
what  b  now  rigorously  named  Entrgie  or  Energy.  Forces  are  of  the  same 
order  as  pressures  exerted,  pounds'  or  grammes1  weight,  resistance  overcome  ; 
forces  may  be  represented  by  fin«  which  indicate  their  magnitude  and  direc- 
tion. Energy  is  of  the  same  order  as  work  accomplished,  as  pounds  or 
grammes  lifted  or  resistance  overcome  through  a  certain  number  ol 
feet  or  ccntimet  it  m.iv  be  represented   by  areas  which  are  inde- 

pendent <>f  .lin 

The  hydraulic  press  apparently  creates  force,  and  if  its  action  be  reversed, 

B  disappears;  but  the   work  done  upon  it  must  be  the  same  as  the  work 

done  by  it,  and  tli  ii  no  Conservation  of  FblOt,  yet.  flu-re  is  strict 

Conservation  of  Energy  in  this  as  in  all  those  other  mechanical  contrivances 

in  which  force  is  altered  in  amount. 

We  have  seen  that  Energy  may  be  represented  by  ¥s,  the 
product  of  force  acting  or  resulted  through  space  s;  by  mgs  where 
mass  m  is  raised  through  space  *  against  gravity  whose  local 
acceleration  is  g :  by  ^aiir*  when  a  mass  m  has  a  velocity  v  im- 
parted to  it  We  shall  further  see  that  Energy  may  be  repre- 
sented by  the  product  CV  of  a  charge  C  of  Electricity  into  a 
numerical  quantity  V,  called  Electric  Potential ;  by  the  product 
HP  of  a  quantity  q  of  fluid  forced  into  a  space  against  an  average 
pressure  p  units  of  force  per  unit  of  area  of  the  bounding  surface 
of  the  fluid  ;  by  the  product  of  a  chemical  affinity  (which  is  equal 
to  the  work  done  in  separating  the  atoms  of  an  equivalent  of  a 
mical  compound)  into  the  number  of  electro-chemical  equivalents 
which  enter  into  combination  ;  and  in  other  similar  ways.  These 
things,  however,  will  find  their  explanation  in  due  place. 


Problems. 

I.  Energy  is  power  of  doing  work:  this  depends  on  £mV;  a  body 
moving  with  a  certain   velocity  vt  601  ink  of  thickness  <;  if  it 

move*  with  vel  irhat  thickness  can  it  pierce  ? — Ant.  t0  =  t  (vjvt)*. 

S.  A  shot  travelling  at  the  rate  of  700  feet  a  second  is  just  able  to  pierce 
a   2 -inch  board.       W  -y   is  required  to   pierce   a   3 -inch  board? 

— 4  a*.  700  x(v/a  :    vT) -867*48 

3.  A  shot  travelling  at  a  certain  rate  can  bnry  itself  10  feet  in  sand  : 
bow  far  could  a  shot  travelling  with  double  that  speed  bury  itself? — Ant. 
40  feet. 

If  a  mass  of  15451  pounds  be  allowed  to  fall  10  feet,  but  in  its  fall 
be  made  to  set  a  train  of  mechanism  in  action,  and  if  that  mechanism  do  no 
other  work  than  to  .-stir  Dp  u  pound  of  water  with  a  paddle,  how  much  will 
the  water  thus  stirred  up  be  warmed  I — Ant.  2'  F. 

5.    If  a  locomotive  weighing  5000  kilogrammes  run  at  the  uniform  rate 
10  metres  per  second  round  a  circular  railway  whose  radius  is  2  kilo- 
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metres,  wbat  will  W  its  kinetic  enerpy  ? — Ana.  m=  5,000,000  grins.;  »— 
1000  cm.  per  second  ;  Jmr2  =  2,500000,000000  Ergs,  or  250  Ergtena.  The 
energy  does  not  depend  on  the  form  of  the  path  traversed,  but  only  on  the 
velocity  at  each  instant  along  that  [>nl\\  ;  IhrMinttn  energy  is  bdflfptQdnt  of 
direction. 

Graphic  Representation  of  Energy. — The  representation  of 
wov!  product  ¥s  (force  acting  into  the  space  through  which 

it  acts  or  is  resisted)  finds  its  graphical  equivalent  in  the  repre- 
sentation of  work  done  as  a  rectangular  Area,  the  product  of  two 
lines,  of  which  one  represents  the  Force  acting  ami  tin-  Otbtt  the 
Space  through  which  a  body  has  been  moved.  If  any  instrument 
can  be  devised  which  will  mechanically  describe  such  an  area, 
amount  of  work  done  by  a  moving  body  can  be  recorded ;  such 
an  instrument  is  a  Dynamometer.  This  name  is,  as  we  have 
already  seen,  applied  to  the  apparatus  in  which  an  elastic  spring 
is  deformed,  the  extent  of  its  deformation  showing,  by  comparison 
with  that  produced  by  a  given  Weight,  the  amount  of  Force 
acting  on  the  instrument.     The  same  name  has,  however,  been 

•n  to  instruments  designed  to  record  not  only  the  force  acting 
on  the  spring  at  any  given  instant,  but  also  the  whole  Enei 
spent  in  producing  the  deformation,  and  measured  by  a  simul- 
taneous record  of  the  force  acting  and  of  the  space  through  which 
it  has  acted. 

If  a  distorted  spring  have  a  writing-point  attached  to  it,  as 
the  distortion  of  the  spring  varies  the  pencil  will  move  backwards 
and  forwards  in  one  line  ;  if  a  piece  of  paper  he  held  against  the 
writing-point  of  it  travels   back  and  fore,  the  tracing  produced  is 

instructive,  for  it  is  simply  a  line  traced  over  and  over.  If 
the  paper  be  drawn  past  the  writing-point  at  a  uniform  rate,  the 
line   drawn   is    a   curve,  from    which    m ay  easily  be   deduced    the 

mean  value  of  the  defoming  force  during  the  whole  t  £  i » i  *  -  <>f 

observation.  If,  however,  the  paper  be  moved  not  uniformly  but 
at  a  varying  rate,  proportioned  at  every  instant  to  the  space  passed 
through  by  the  moving  body  during  given  successive  equal  periods 
Of  time  (that  is,  to  the  rate  of  change  of  deformation  of  the  sprii 
then  there  are  two  factors  recorded  in  the  same  tracing — first,  the 
amount  of  Space  passed  tlirough  (this  being  indicated  by  the 
amount  of  paper  unrolled  under  the  writing-point)  in  a  gjn 
]K.riod  of  time;  and  second,  the  Force  which  has  acted  in  produc- 
ing il  >n  (this  being  recorded  by  the  o  n  of  the 
v.  riting-jMiiut  attached  to  the  deformed  spring). 

If  the  writing-point  thus  m  bo  the  spring  be  supposed 
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to  diaw  the  curve  ABCDEF  of  Fig.  9,  the  various  parts  of  the 

line  give  rise  to  the  following  discussion.     The  line  Odbcd  shows 

the  various  spaces  traversed  by  the  body  set  in  motion;  the  lines 

o  A,  &B,  cC,  etc.,  show  the  various  pressures  or  forces  in  action  at 

successive  instants  of  time.     The  condition  of  affairs  is  more 

easily  realised  if  we  consider  a  cylinder  the  steam  in  which  pushes 

a  piston.     Then  the  expansion  of  the  steam  is  correlated  to  the 

movement  of  the  piston,  which  may  be  represented  by  distances 

along  the  line  Ox.     Then  ah  denotes  the  expansion  of  the  steam 

as  its  volume  increases  from  Oa  to  Ob,  aA  or  hB  its  pressure,  and 

hence  the  work  done  by  the  steam  during  the  increase  of  volume 

ob  is  represented  by  the  rectangle  aABb.      When  the  steam 


expands  still  further,  so  that  its  increase  in  volume  is  be,  the 
pressure  or  force  acting  is  again  constant,  and  the  work  done  is 
represented  by  the  rectangle  bG.  Next,  when  the  volume  Oc 
becomes  Od,  the  pressure  sinks  from  cC  to  dD ;  the  average  value 
of  the  pressure  is  J  (cC  4-  dD),  and  the  work  done  (or  average 
pressure  x  space  cd)  =  J(cC  +  oT>)'Ca'.  This  is  the  area  of  the 
figure  cCDd,  which  accordingly  represents  the  work  done  during 
the  increase  cd  of  volume.  The  area  De  is  made  up  of  numerous 
rectangles,  and  if  these  be  made  sufficiently  numerous  the  line 
DE  is  a  curved  line.  The  area  comprised  between  the  curved 
line  DEF,  the  ordinates  dD  and  /F,  and  the  abscissa  df,  represents 
the  work  done  by  the  steam  during  expansion  of  the  steam  from 
the  volume  Od  to  the  volume  0/  The  area  aAFfa  represents 
the  work  done  during  expansion  of  the  steam  from  volume  Oa  to 
volume  0/. 

The  Indicator  Diagram, — Since  the  time  of  James  Watt  engineers 
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have  been  accustomed  to  make  their  engines  record  their  own  working  by  the 
method  just  discussed.  In  the  Indicator-Diagram,  as  the  curve  traced 
out  is  called,  the  two  factors  which  it  is  desired  to  record  are  the  Space 
traversed,  which  is  measured  by  the  amount  of  movement  of  the  piston, 
and  the  Force  acting,  which  is  the  pressure  of  the  steam  in  the  cylinder, 
former  factor,  the  space  moved  through  by  the  piston,  is  determined  by 
making  the  piston  or  any  part  of  the  machinery  upon  which  it  directly  acta 
set  in  operation  the  mechanism  that  unrolls  the  paper  upon  which  the  record 
is  to  be  preserved.  This  paper  is  drawn  over  the  writing-point  at  a  rate 
depending  «>n  the  velocity  uf  the  piston  :  hence  the  apace*  traversed  by  the 
piston  during  successive  intervals  of  time  are  proportional  to  the  amount  of 
paper  which  is  drawn  under  the  writing-point. 

The  pencil  is  borne  by  the  pistou  of  a  finull  side  cylinder  attached  to  the 
main  cylin-h  r.  The  steam  is  let  into  this,  and  presses  the  little  piston  out- 
wards ;  it  presses  it  against  a  spring  until  the  resistance  offered  by  that 
spring  prevents  further  propulsion.  If  the  pressure  were  constant,  the  little 
pistou  would  remain  at  the  same  level ;  but  as  the  pressure  of  the  steam 
varies,  the  position  of  the  piston  also  varies,  as  it  lies  between  the  opposing 
spring  and  steam.  Its  displacement,  then,  is  at  each  instant  proportional  i- 
the  pressure  of  steam  in  the  cylinder,  which  is  the  second  factor.  If  the 
paper  be  rolled  over  the  pencil-point  when  no  steam  has  access  to  the  side 
cylinder,  a  smooth  line  is  drawn,  the  Line  of  No  Pressure  ;  if  the  steam 
be  allowed  to  enter  the  side  cylinder,  the  divergences  of  the  line  then  pro- 
duced from  the  line  of  no  pressure  measure  the  variations  of  the  pressure  of 
the  steam. 

While  the  machine  is  working,  steam  is  not  allowed  to  enter  the  aide 
cylinder  until  the  apparatus  ia  ready  to  record.  The  small  piston  is  conse- 
quently at  rest.  While  the  piston  of  the  main  cylinder  is  moving  in  one 
tinn.  ptJM  h  rolled  over  the  pt-ncil-point  ;  as  the  piston  slackens  speed 
the  paper  also  slackens  in  sj»eed  ;  as  the  piston  st<>]>-,  tin  DftMI  dott  the  same  ; 
as  the  piston  travels  in  thai  •  Ion,  tha  ptMf  true. -Is  in  the  oppo- 

site way  at  a  pro|K»rtionate  rate.  A«  long  as  the  steam  is  not  admitted  into 
the  side  cylinder,  the  paper  travels  backwards  and  forwards  over  the  pencil, 
and  the  same  straight  line  ji  traced  and  retraced.  The  steam  i-  admitted  to 
i'le  cylinder  for  the  space  of  one  complete  oscillation  of  the  main  piston, 
aud  the  pencil-point  itself  travels  in  accordance  with  the  varying  pressure  of 
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steam  during  that  period.     The  curve  traced  thereby  is  composed  of  two 

parts.     H  roduced  during  expansion.      The  work  done  by 

th<*  steam  in  the  cylinder  during  its  expansion  is  the  area  ACB6a  if  Oab  he 

line  of  no  pressure.      When  the  piston  has  finished  its  stroke,  it — and 
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therefore  the  paper — stands  for  an  instant  at  rest  Then  the  piston  is 
prated  against  the  steam  either  by  other  steam  or  by  the  atmosphere,  and 
the  paper  is  drawn  backwards.  Work  is  thus  done  against  the  steam  during 
the  backward  stroke,  and  it  is  represented  by  the  area  BDAao,  where  BDA 
a  the  line  recorded. 

The  difference  between*  the  areas  ACBoa  and  BDAaA  represents  the  excess 
of  work  done  by  the  steam  over  that  done  against  it :  hence  the  total  work 
dene  by  the  engine  is  represented  by  the  area  of  the  surface  ACBD  traced 
out  by  the  pencil  in  the  formation  of  the  so-called  Indicator-Diagram. 

The  pencil  of  the  Indicator  in  tracing  out  such  a  curve  mechanically 
performs  an  operation  equivalent  to  that  which  the  mathematician  effects 
when  he  sums  up  areas  by  means  of  the  algebraic  processes  of  the  Integral 
Calculus. 

In  some  cases  it  is  sufficient  to  know  the  mean  force  acting. 
In  such  cases  the  space  traversed  being  a  known  quantity,  the 
energy  can  be  determined  if  the  mean  force  alone  be  recorded. 
For  example,  if  the  mean  force  required  to  pull  a  vehicle  be  found, 
it  is  a  very  simple  matter  to  multiply  the  recorded  mean  force  by 
the  space  traversed  in  order  to  find  the  total  amount  of  energy 
expended.     In  Marey's  investigations  (Trav.  du  Zaborat,  1875) 
into  the  comparative  total  work  expended  on  a  vehicle,  according 
as  an  elastic  spring  is  or  is  not  placed  between  it  and  the  draught 
animal,  a  capsule  was  so  arranged  that  the  air  in  it  suffered  irre- 
gular compressions  and  rarefactions,  corresponding  to  the  irregular 
jolts  between  the  animal  and  the  car.     The  writing-point,  set  in 
movement  by  the  correspondingly-irregular  oscillations  of  one  of 
the  walls  of  the  capsule,  which  was  flexible,  described  irregular 
lines  when  there  was  no  elastic  intermediary,  and  more  regular 
ones,  nearer  the  line  of  no  disturbance,  when  there  was  such  an 
intermediary  introduced ;  from  these  it  was  found  that  the  mean 
force,  and  therefore  the  total  energy  expended  in  the  two  cases 
were  in  the  ratio  of  about  4  to  5,  showing  that  the  use  of  an 
elastic  spring  between  a  draught  animal  and  the  vehicle  which  it 
draws  results  in  an  economy  of  labour  amounting  to  about  25 
per  cent 
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Tn  the  part  of  Science  which  deals  with  Motion,  considered  per  ae 
and  without  reference  either  to  the  force  producing  it  or  to  the 
l*uly  moved,  is  given  the  name  of  Kinematics.  The  nature  of 
questions  discussed  under  this  title  is  essentially  mathema- 
tical ;  and  though  no  great  acquaintance  with  mathematical 
methods  is  presumed  in  the  reader  of  this  volume,  it  will  be 
necessary  to  assume  in  him  a  certain  amount  of  knowledge  of 
the  most  elementary  geometry  and  algebra 


General  Propositions. 

Direction. — There  cannot  be  Motion  without  Direction  ;  we 
cannot  think  of  a  body  or  a  point  as  moving,  ami  yet  not  moving 
in  any  direction.  If  it  move  at  all,  it  must  either  move  so  as  to 
travel  constantly  in  the  same  direction,  in  which  case  it  is  moving 
in  a  straight  line  ;  or  else  the  direction  of  its  motion  must 
change  as  it  proceeds  from  point  to  point  of  the  path  traversed, 
so  that  the  body  travels  in  some  kind  of  curved  line. 

In  the  great  majority  of  those  curves  which  possess  physical 
interest  as  being  those  in  which  bodies  actually  do  move,  it  is 
possible  to  draw  at  any  paint  of  the  curve  a  straight  line  known 
as  the  Tangent  to  the  curve  at  that  point      The  Tangent  to  the 

•le  at  any  point  is  familiar  enough,  and  is  easily  understood  to 
be  a  straight  line  at  right  angles  to  a  radius  connecting  the  centre 
le  with  that  ]K»int  of  the  circumference  at  which  tin- 
tangent  is  to  be  drawn ;  and  the  characteristic  property  of  the 
line  as  a  tangent  is  that  it  touches  the  circle  without  cutting  it. 
Tangents  may  in  a  similar  way  be  drawn  to  most  curves,  so  as 
at  I  :  mined  point  to  touch  hut  not  to  cut  the  curve  unless 

the  curve  changes  its  curvature  beyond  the  point  at  which  the 
taugeut  tonefaei 
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If  a  circle  be  drawn  on  a  very  large  scale,  anil  a  tangent  be  drawn  to  it 
at  any  point  chosen,  it  will  be  found  that  the  larger  the  scale  the  more 
nearly  will  the  cirele  appear  to  coincide  with  the  tangent  at  the  point  of 
contact  This  can  easily  be  seen  by  actually  drawing  such  a  figure.  In  tact, 
if  a  circle  be  drawn  on  a  very  great  scale,  any  wry  little  part  of  its  circum- 
fertace  will  appear  to  be  practically  straight.      Of  course  it  is  not  straight, 

the  circle  sufficiently  large,  and  by  diminishing  the  si 
tlvf  little  part  of  the  circumference  considered,  the  approximation  to  perfect 
»lnij:litac*s  in  the  little  part  or  ''element"  considered  may  be  rendered  as 
«o«  as  may  be  desired.  Such  a  circle  may,  then,  be  considered  as  a 
polygon,  having  an  infinite — greater,  that  is,  than  any  definite  assignable 
— iumber  of  sides,  the  length  of  each  of  which  is  indefinitely  small,  and 
«chof  which  coincides  for  an  infinitesimal  distance  with  tin-  tangent  which 

>■  tan  pHt  it. 

f  ■  large  circle  is  true  of  a  small  one,  and  hence  motion  in 
*  drtle  may  be  eon  as  motion  round  a  polygon  of  an  indefinite  number 

of  tides,  whence  the  following  proposition. 

As  a  body  or  point  moves  round  a  circle,  the  direction  of 
its  motion  is  that  of  the  tangent  at  each  successive  instant. 
Similarly,  tho  direction  of  motion  of  a  body  which  travels  in  any 
f-urve  is,  at  each  successive  instant  of  time,  the  same  as  the 
direction  of  the  tangent  to  the  curve  at  the  point  of  the  curve 
momentarily  occupied  by  the  moving  body. 

Velocity. — We  have  already  anticipated  some  kinematical 
statements  in  discussing  the  velocity  of  a  moving  body.  This 
was  defined  as  the  distance  passed  over  in  a  unit  of  time  by  a 
body  in  motion;  and  if  we  consider,  not  the  moving  body,  but 
the  motion  itself,  we  may  say  that  one  of  the  necessary  properties 
i  Loo  is  Velocity.  It  is  not  possible  to  think  of  Motion 
without  thinking  of  a  corresponding  definite  Rate  of  motion, 
whwh.  if  there  l>e  motion  at  all,  cannot  be  zero,  and  on  the  other 
hand  cannot  be  infinite,  so  long  as  Space  and  Time  are  related  to 
ion  in  the  way  in  which  experience  shows  them  to  be;  and 
the  idea  of  Rate  of  Movement  is  as  necessary  a  constituent  of 
the  idea  of  tfotioi  hat  of  Direction, 

".ocity  may  be  uniform  or  variable.  The  measurement  of 
uniform  velocity  is  simple  enough ;  and  it  has  already  been  ex- 
pla;  .hat  principle  the  measurement  of  variable  velocity  fa 

based.  "Whether  the  direction  of  motion  be  constant  or  variable 
— whether  the  moving  particle  travel  in  a  straight  line  or  in  a 
curve — the  principle  involved  is  always  the  same,  namely,  that 
the  i  moving  particle  is  the  length  of  path  traversed 

by  it  in  a  unit  of  time,  or  the  length  of  path  which  would  have 
been  traversed  by  it  during  a  unit  of  time  if  the  speed  had 
remained  uniform  during  that  period.     In  the  case  of  motion  in 
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curved  paths,  there  arise  subsidiary  mathematical  difficulties  in 
the  estimation  of  the  precise  length  of  the  path  traversed,  but 
these  only  arise  in  the  determination  of  the  value  of  one  of  the 
terms  of  the  formula  v  =  s/t,  and  do  not  affect  the  validity  of  the 
formula  itself. 

WlixMty  may  be  otherwise  defined  as  the  relation  of  change  of  position 
to  change  of  time.  If  at  a  certain  instant  of  time  the  moving  point  be  at  a 
distance  »  from  a  fixed  point  chosen  as  a  standard  of  reference,  then,  as  time 
goes  on,  the  position  of  the  body,  and  therefore  the  value  of  *,  changes.  Let 
the  time  daring  which  motion  is  going  on  be  St,  a  very  small  clement  of 
time,  and  the  corresponding  change  of  position  be  &»,  then  this  relation  of 
the  change  of  position  to  the  change  of  time  may  be  expressed  by  the  frac- 
tion StjSt,  which,  when  St  is  chosen  sufficiently  small,  Wromes  the  function 
familiar  to  students  of  the  Differential  Calculus  as  dtjdt.  This  change  of  a  in 
accord  with  the  passage  of  time  may  be  very  advantageously  represented  as  «, 
where  the  dot  above  the  letter  indicates  "  the  value  of  the  change  in  unit 
of  time  of  "  tin-  ijuanlity  expressed  by  the  letter  over  which  the  dot  is  placed, 
when  the  unit  of  time  chosen  is  very  small.  This  is  the  notation  employed 
by  Newton  in  his  FUuumt,  »'  heing  the  change  or  Fluxion  of  «.  If 
velocity  (*)  itself  change,  the  change  of  velocity  in  unit  of  time — which  we 
know  under  thi  MODI  of  Acceleration — would  be  represented  by 
the  symbol  *'.  So  if  the  acceleration  (»")  itself  varied,  the  change  of  accelera- 
tion per  unit  of  time  would  be  represented  by  the  symbol  i\  Such  a  number 
of  dots  as  this  rarely  occurs  in  physical  problems. 

Wi-  iimy  here  make  use  of  previous  discussions  to  bring  together  some  of 
the  symbols  used  to  express  frequently-recurring  terms. 

Distance  of  particle  from  point  of  origin  =  *. 

Velocity,  !■!■  sjt. 

Acceleration,  a  ■  change  of  v  =  v  —  *'  =  v't. 

Force,  /  =  mu  =  mv  =  iaJC 

Wnrk  =  /«  =  rtiA. 

Rate  of  doing  work  (Thomson's  Activity,  Newton's  Actio 
A.jmtu)  —  ftjt  ^  ft  —  mU. 

[Action  (Maupertuis)  =  tu  or  2(t») ;  held  by  him  to  be  always  a 
minimum  in  unguided  motion  of  a  conservative  system :  shown 
by  Hamilton  to  present,  in  unguided  motion  between  fixed 
positions,  either  a  minimum  or  a  maximum  value  or  else  a 
value  little  affected  by  slight  variations  in  the  path  traversed.] 

Energy  ■  i  wie*  =  £  m  (i)J  =  Kinetic  energy. 
Do.     «  /•  «  mat  tm  ma»  »  Potential  energy. 

Dimensions. — Distance  of  a  particle  from  a  point  of  nAMbM  may  be 
represented  by  a  straight  line  which  is  measurable  in  units  of  Length.  Unit- 
distance  would  be  I  by  unit  of  length  :  distance,  therefore,  is  said 
U»  be  of  one  dimension  in  length,  and  a  unit-distance  may  be  represent!  <! 
by  the  symbol  [L].     Velocity  is  a  Length  (space  traversed)  divided  by  a 

••,  and  the  unit  of  velocity  may  be  represented  by  the  symbol  [L  T\ 
Momentum  is  Mass  x  Velocity  ;  its  unit  is  [ML/T],  Acceleration,  the 
velocity  acquired  per  unit  of  time,  is  a.  Velocity  divided  by  s  Time,  and  the 
unit  of  Acceleration  may  be  represented  as  (i.e.,  the  "Dimensions"  of 
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Acceleration  are  said  to  be)  [L/T]  +  [T],  or  [L/T2].  Force  is  a  Mass  x  Accel- 
eration, and  its  dimensions  are  accordingly  [ML/T-'].  Weight  has  the  same 
dimensions  as  Force.  Energy,  if  we  take  the  expression  Atop2,  has  the  dim- 
ttttkmi[M]  [L/T]8  or  [ML^/f2]  ;  while  if  we  take  the  expression  maa,  it 
is  found  to  have  the  dimensions  [M]  [L/T2]  [L]  or  [MI^/T8],  the  same 
wrolt  The  dimensions  of  Work  are  the  same  as  those  of  Energy.  Those 
of  Activity  are  Work  done  +  Time  =  [ML2/TJ]. 

Examples. — 1.  How  many   British    units  of  force   is  a  Dyne   una] 
I'he     Dvm  [ML/T1]    -   [Gnunine    x     OutffaflMtM   /  Si-mml2]    = 

L  7000  80*41  J         \   7000         30-48/  L  J 

15-432       „  .  .  . 

■ —  British  units. 

7000x30-48 

2.  Suppose  it  were  affirmed  that  Force  is  Rate  of  gain  or  loss  of  Energy 
u  Time  goes  on  ;  test  the  statement.  We  would  have  an  equation  of  the 
fallowing  kind  ;  /  [F]  =  e  [E]  +  <  [Tl  Putting  uldfl  the  MUabOT  this 
woaM  be  [F]  -  [FT]  or  [ML/T8]  =  [ML-/T-'],  +  [T],  which  d  ..hviously 

■mg 

3.  Te.«a  the  statement  that  Force  is  measured  by  Time-rate  of  Change  «>f 
Momentum.  Simila.lv  [Y]  -  [Mom.]  -h  [T],  or  [ML/T8]  =  [ML/T]  *\T\, 
which  is  consistent. 

4.  Test  the  assertion  that  Force  is  the  Rate  at  which  a  body  gains  or 
losei  Energy  as  it  traverses  Space.  [F]  =  [Energy /distance  traversed] 
-  [E/L],  or  [ML/T8]  =  [ML*/T*]  +  [L]  =  [ML/T8],  which  is  consistent. 

Simultaneous  Motions. —  If  a  particle  have  by  any  means 
two  separate  independent  motions  communicated  to  it  simul- 
taneously, each  will  produce  its  own  effect,  and  the  total  move- 
ment of  the  particle  can  be  found  by  any  process  of  summation 
which  may  be  found  mathematically  appropriate.  It  will  always 
be  found  as  the  result  of  experiment  on  bodies  which  may  be 
taken  t«t  represent  particles,  that  if  the  motions  imparted  to  the 
particle  be  themselves  constant  in  velocity  and  direction,  the 
result  of  their  concurrence  is  a  single  motion  in  a  straight  line 
locity  and  direction.  The.  single  motion  which  is 
produced  as  the  result  of  the  concurrence  of  two  motions  is  called 
their  Resultant,  and  they  with  regard  to  the  resultant  are  called 
its  Components.  If  a  ship  travel  from  west  to  east  and  a  man 
on  board  also  walk  from  west  to  east,  the  speed  of  the  ship  and 
the  speed  of  his  walking  will  have  to  be  added  together  to  find 
the  rate  at  which  he  is  moving  eastwards :  if  the  ship  travel  from 
west  to  east  and  lie  walk  along  the  ship  from  east  to  west,  the 
difference  between  his  own  speed  and  that  of  the  ship  is  the  rate 
at  which  he  is  travelling  eastwards.  In  the  latter  case  the  result 
may  be  positive — i.e.  he  is  really  going  eastward ;  negative — i.e. 
he  is  really  going  westward  ;  or  zero,  in  which  case  he  has  no  move- 
ment at  all,  the  ship  carrying  him  east  just  as  much  as  he  walks 
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to  the  west,  so  that  he  is  really  beating  time  in  the  same  place. 
If  a  steamer  travel  to  the  east  and  be  at  the  same  time  carried 
to  the  north  by  a  current,  the  path  traversed  by  the  steamer  will 
be  a  line  which  is  the  diagonal  of  a  parallelogram  whose  sides 
represent  the  eastward  and  northward  velocities  respectively. 
The  steamer  will  describe  this  diagonal  line  in  the  same  time  as 
it  would  have  taken  to  have  steamed  or  to  have  drifted  along  one 
or  the  other  side  of  the  parallelogram  if  the  steaming  or  the 
drifting  respectively  had  been  the  only  cause  of  its  movement 
Hence,  to  find  the  resultant  of  two  simultaneous  velocities,  the 
rule  is  :  Construct  a  parallelogram  whose  adjacent  sides  represent 
in  magnitude  and  direction  the  velocities  produced,  and  the 
diagonal  which  lies  between  these  adjacent  sides  represents  the 
resultant  velocity.     If  the  lines  A13,  AC  (Fig.  11),  represent  in 

direction  and,  on  any  conventional  scale, 
tin:   magnitude   of  the   velocities    simul- 
taneously  imparted   to    the   particle   A, 
the  particle  A  will  move  along  the  line 
AD  to  the  point  D  in  the  same   time 
that,  under  the  influence  of  the  velocity 
AB  alone,  it  would  have  taken  to  reach 
b  B,  or,  under  the  influence  of  the  velocity 
AC,  to  reach  the  point  C.     The  actual 
construction  of  the  diagram  representing 
the  resultant  of  any  two  velocities  is  an 
D       easy  matter :  the  calculation  of  the  value 
of  the  resultant — that  is,  of  the  length  of  the  diagonal — involves 
a  little  geometrical  working. 

When  the  two  component*  are  at  right  angles  to  one  another,  we  resort 
to  EucL  I.  47,  which  shows  that  in  a  r 
angled  triangle  ACD  (Fig.  12),  of  whi.-i 
tight  angle  i-1  at  C,  ADJ  -  AC8  +  CD3.      In 
the  parallelogram  Fig.  11  (a)  it  is  plain  that 
AD8  -  AC8  +  f'l>-  ;    but  CD  =  AB  ; 
AD8  —  AC1  +  AB2 ;  or  in  words,  the  square  of 
the  resultant  is  equal  to  the  sum  of  the  square* 
of  the  two  components,  if  these  be  at  right 
angles  to  one  another. 
Again,  if  they  be  not  at  right  angle*  to  one  another,  they   mn.-t   m.tk.- 
either  on  acute  or  an  obtu*e  angle.     In  the  former  case  we  resort  to  Eucl.  II. 
12,  which  -how.-  that  if  the  parallelogram  be  drawn  (fig  U]  and  the  aide 
AC  be  produced  so  far  that  a  line  DE  can   be  drawn  at  right  angles  t*>  it 
from   Ibl   pdnl    I»,  dtf  equation  AD8- AC*  +  CD*  +  2ACCE  is  true;  this 
enable*  us  to  find  t  ,vc  know  that  of  AC  and  AB  (which  is 
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equal  lo  CD),  and  if  we  can  find  that  of  CE.      In  the  latter  case,  where  the 
i'.AC  between  the  components  AB  and  AC  ib  obtuse  (Fi«.  14),  Kucl. 


Fig.it. 


riff.n. 


1L  13  shows  us  that  if  we  drop  a  perpendicular  DE  from  D  upon  the  base 
i  AD-  =  AB2  +  AC-'  -  2AC.EC  holds  good,  and  enables  us  to 
find  the  value  of  AD. 

Problems, 

1     A  person  on  board  a  ship  which  is  going  eastwards  walks  back  and 

fore  at  the  rate  of  4  miles  an  hour  relative  to  the  Bhip  :  the  ship  is  travelling 

i  9  i ..I.  -  an  hour.     What  ia  his  absolute  velocity  when   he  is 

walking  forward  T  what  when  he  li  going  aft  ?  what  is  fail  avenge  absolute 

velocity  1 — Am.  16  mile*  an  hour;  8  miles  an  hour  ;   12  miles  an  hour. 

2.  A  point  moves  wit  a  eastwards  and  velocity  b  westwards 

sunultaiiroti.-iv.      What  i*  its  eastwanl  velocity  I — Aim.  a—b. 

%  result    if  b   is  greater   than   a.  —  Avt.   The  eastward 

Telocity  « a  -  b  ;  this  is  negative:  the  velocity  must  therefore  be  westward 
asd=-o-a. 

•4.  Interpret  the  result  if  b  =  a. — AnM,  The  eastwanl  velocity  =  a- 6  =  0: 
or  the  body  is  ab*olut<  h 

6.  If  in  a  railway  earri  .  .      i  a  nun  walk  across  at  the  rate  of 

5  miles  an  hour  while  the  train  noes  forward  at  the  rate  of  12  miles  an  hour, 
what  will  have  been  hiB  real  path  and  velocity  relative  to  the  railway  line 
underneath  ? — A  iu.  In  Fi^«.  1 1  (a),  if  AB  =  1 2  and  AC  =  5  :  the  real  path 
is  AD,  which  has  a  value  of  13. 

6.  To  the  same  particle  are  imparted  a  velocity  of  12  and  one  of  6  feet 
per  second  in  direction*  which  stand  to  one  another  at  an  angle  of  60": 
what  is  the  direction  and  the  amount  of  the  resultant  velocity  ? — Am.  In 
Fig.  13,  if  AB  repreaanl  ty  of  6  feet  per eeoondj  and  AC  on  ftne  same 

scale  that  of  12  feet,  the  angle  BAC  being  one  of  60",  then  the  line  AD 
will   jndi<:i:     tbi    direction   o  militant  movement,  and  the  equation 

AD8  =12* +  6* +  2  x  12xCE  (CE  being  seen,  since  the  triangle  CDE  is 
half  an  equilateral  triangle,  to  be  equal  to  half  CD — that  is,  to  3),  or 
144  B  -  252,  shows  that  AD  =  v'252  =  1  5822. 

7  If  in  the  last  question  the  angle  between  the  directions  of  the 
velocities  had  been  1 20",  what  would  the  resultant  velocity  have  been  ? 
— Ant.  In  Rg,  14,  if  AB  be  6  and  AC  12,  the  angle"  BAC  being 
120  K   12  x  CE  -  144  +  3C  -  72  =  108  ;  whence 

AD  ■  10-392  feet  per  second. 

B.  What  would  have  been  its  direction  ? 

In  the  BW  14,  the  triangle  ADC  has  its  sides  AC=  12,  CD  =  6, 

and  the  angle  DC  A  -  B0*.  By  trigonometry  we  find  that  the  angle  DAC  is 
35*  16',  and  hi  lireetion  ol  ent  motion  is  inclined  to  those  of 

its  com}-  angles  of  35°  16'  and  84"  44'  respectively. 
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Triangle  of  Velocities. —  If  the  figures  just  made  use  of  be 
reduced  to  their  simplest  necessary  elements,  it  will  be  seen  that 
there  is  no  need  to  describe  a  complete  parallelogram  in  order  to 
find  the  line  which  would  be  it.s  diagonal.  The  three  sides  of  a 
triangle  are  quite  sufficient  to  express  the  relation  between  two 
component  velocities  and  their  resultant,  and  for  the  determina- 
tion of  the  resultant  of  two  velocities  the  rule  may  be  thus  stated : 
Take  a  starting  point ;  from  it  draw  a  line  representing  in  mag- 
nitude and  direction  one  of  the  component  velocities  ;  from  the 
point  thus  arrived  at — that  is  to  say,  the  end  of  the  line  thus 
drawn — draw  another  line  similarly  representing  the  second  com- 
ponent velocity.  The  third  side  may  now  be  laid  down,  and  the 
problem  is  reduced  to  the  form  which  in  trigonometry  is  simple 
enough,  namely — Given  two  sides  of  a  triangle  aud  the  angle 
Ixitween  them,  to  find  the  third  side,  and  the  angles  which  it 
makes  with  the  two  aides  given.     In  the  triangle  ABO  (Fig.  15), 

FlB.15. 


if  the  sides  AB  and  BC  represent  the  component  velocities  in 
amount  and  direction,  AC  in  the  same  way  represents  their 
resultant ;  and  it  will  be  observed  that  if  the  sides  of  the  triangle 
be  taken  consecutively  in  the  "  cyclical "  order,  AB,  BO,  CA,  th«< 
direction  of  the  resultant  is  in  this  diagram  opposed  to  that  of  the 
components. 

Resolution  of  a  Velocity  into  Components. — The  converse 
proposition  is  one  of  very  general  utility.     In  the  former  case, 

Composition,  that  single  resultant  was  found  which  was 
the  effect  of  two  simultaneously-imparted  movements.  A  single 
movement  may,  conversely,  be  considered  as  the  resultant  of  two 
component  movements  which  we  may  wish  to  find.  The  process 
of  finding  them  is  known  as  the  Resolution  of  a  motion  into  its 
components.  A  gfrtD  pair  of  velocities  can  only  have  one 
resultant,  for  if  two  sides  of  a  triangle  l>c  fixed,  there  is  no  scope 
for  variation  in  the  position  or  length  of  the  third  side ;  but  if 
the  resultant  be  given,  it  can  be  resolved  iuto  components  in  an 
indefinite  number  of  ways,  for  there  can  be  an  infinite  number  of 
triangles  made  by  supplying  two  sides  when  only  one  side  is 
detenninately  fixed.     Hence  the  question  how  to  resolve  a  velocity 
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into  its  components,  set  in  this  vague  way,  never  arises ;  but  the 
question  how  to  resolve  a  velocity  into  its  components  in  certain 
fixed  directions  is  of  constant  occurrence.  Such  a  question  is 
generally  ftdved  by  construction  in  the  following  way  : — Let  AB 
«Kig.  16)  be  a  line  indicating  the  direction  and  rate  of  movement 

i   particle.      It  is  required  to  know  Fi*.io. 

what  are  the  corresponding  components 
in  two  directions,    LM,   NO,  arbitrarily 
chosen  or  determined  by  the  conditions 
of  the  problem.     Draw  lines  from  the 
initios  of  the  line  AB  parallel  to 
iirections  assigned.     In  this  way  a 
parallelogram  will  be  formed  in  which 
AD,  CB  will  be  parallel   to  LM,  and 
DB,  AC  to  NO.      In  this  parallelogram 
AS  represents  the  single  motion  whose 
components  are  to  be  found  :  the  length 
of  AD  or  CB  represents  the  proportionate 
value  of  the  component  parallel  to  LM,  and  DB  or  AC  the  propor- 
tionate value  of  that  parallel  to  NO.    Hence  the  problem  is  solved. 
little  practice  enables  one  to  dispense  with  drawing  a  com- 
[•arallelogram,  and  to  find  the  components  by  constructing 
.ithbr    the    triangle    ABC   or    ABD.       If  numerical   values   are 
required,  we  can  find  them  by  means  of  the  known  angles  which 
the  directions  of  LM  and  NO  make  with  that  of  AB :  the  value 
•  •se  two  angles  together  with  the  numerical  value  of  AB  give 
b?  trigonometry   the  numerical  values   of  AD   and  DB,  which 
represent  the  components.    If  we  wish  to  resolve  a  single  velocity 
into  components  at  right  angles  to  one  another,  the  process  is 
precisely   the   same,   LM  and 
NO    being     drawn     at    light 
angles    to    one    another.       A 
modified  form  of  the  problem 
which  we  very  often  encounter 
is  —  Given    a  velocity  in    a 
certain  direction,  what  is  the 
value    of    its    component    in 
another    assigned    direction  ? 
This   is  solved  by  the  follow- 
ing  construction  :  —  Let   A  B 
(Fig.  17)  represent  the  given  velocity  and  LM  the  direction  of 
the  required  component  of  AB.      Draw  through  A  a  straight 
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line,  AC,  indefinite  in  length,  but  parallel  to  LM.  From  the  other 
extremity,  B,  of  the  line  AB,  draw  a  line  BD  at  right  angles  to 
AC,  cutting  it  in  the  point  E.  AE  is  the  component  required  in 
the  direction  parallel  to  LM. 

Problems. 

1.  A  velocity  of  30  feet  per  second  :  what  is  the  value  of  its  component 
in  a  direction  which  makes  with  its  own  an  angle  of  60°  ? — Ant.  In  Fig.  17,  if 
the  angle  ABD  be  60°,  the  line  AB  may  represent  the  velocity  given  ;  EB 
represents  its  component  at  an  angle  of  60°  with  it  The  triangle  BEA  is 
half  an  equilateral  triangle,  and  EB  is  half  of  AB ;  it  represents  therefore  a 
component  velocity  of  15  feet  per  second. 

2.  A  velocity  of  20  feet  per  second  :  what  is  the  value  of  its  component 
whose  direction  makes  with  its  own  an  angle  of  30°  ? — Ant.  In  the  same 
figure,  if  the  angle  EAB  be  30°,  and  AB  represent  the  velocity  20  feet  per 
second  :  in  such  a  triangle  EA  :  AB  : :  -s/3/4  :  1,  and  the  value  of  the  com- 
ponent  is   V3/4  x  20  =  V300  =  17*32  feet  per  second. 

3.  A  velocity  of  60  feet  a  second  :  what  is  the  value  of  its  component  at 
an  angle  of  45°  % — Ant.    >/l/2  x  60  =  42*42  feet  per  second. 

4.  A  velocity  v  in  a  certain  direction :  what  is  its  component  at  right 
angles  to  that  direction  ? — An*.  It  has  none. 

Composition  of  more  than  Two  Velocities. — If  more  than 
two  velocities  be  imparted  to  a  body  the  resultant  is  always,  if  they 
themselves  be  uniform  in  amount  and  direction,  a  single  uniform 
motion  in  a  straight  line.  If  the  several  velocities  imparted  be 
all  in  the  same  plane,  their  resultant  may  easily  be  found  by 
finding  the  resultant  of  any  two  of  them,  compounding  the  result- 


ant  thus  obtained  with  any  other  of  the  velocities  imparted,  and 
so  on,  till  all  the  velocities  have  been  taken  into  consideration, 
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and  the  final  resultant  obtained.  Let  the  several  velocities  which 
are  imparted  to  a  particle  be  represented  by  the  lines  AB,  AC, 
AD.  AK  A I  iFij  IS),  all  in  one  plane.  It  is  required  to  find 
their  resultant.  The  resultant  of  AB  and  AC  H  AL;  the  result- 
ant of  AL  and  AD  is  AM ;  the  resultant  of  AM  and  AE  is  AN ; 
that  of  AX  and  AF  is  AO,  the  final  resultant  of  the  five  veloci- 
ties AB,  AC,  AD,  AE,  AF.  It  does  not  matter  in  what  order 
they  are  compounded ;  it  may  be  left  as  an  exercise  for  the 
reader  to  show  that  the  same  result  is  always  obtained  whatever 
be  the  order  followed. 

The  Polygon  of  Velocities. — If,  in  the  last  diagram,  the 
figure  AHLMMO  \  be  traced  out.  it  will  be  seen  that  it  is  a  poly- 
gon whose  sides  represent  the  various  velocities  and  the  resultant : 
for  these  sides  are  AB,  BL  (=  AC),  LM  (=  AD),  MN  (=  AE), 
.  and  AO,  which  represents  the  Resultaut  Hence  the 
method  of  finding  the  resultant  of  any  number  of  forces  in  the 
same  plane  may  be  exemplified  as  follows : — Take  a  starting-point 
K  (Fig.  19);  from  K  draw  the  line  KP,  representing  AB  in  mag- 
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nitade  and  direction ;  from  P  draw  PQ,  representing  AC ;  from 

Q  QR,  representing  Al )  ;  from  R  BS,  representing  AE  ;  from  S  ST, 

representing  AF;  then  join  KT.     KT  represents  the  Resultant 

•might    It  will  be  seen  that  the  direction  of  the  resultaut  is  opposed 

to  that  of  the  other  sides  of  the  polygon  taken  in  cyclical  order. 

The.  rule,  then,  for  the  composition  of  a  number  of  veiociti 

the  same  plane  is — Construct  a  polygon  with  lines  representing 

them  (it  matter  of  indifference  in  what  order  they  are 

takes,  «>r  whether  they  cross  one  another  or  not),  and  if  there  be 

missing,  complete  it ;  it  will  represent  the  magnitude  of  the 

resultant,  and  its  direction  will  be  opposed  to  that  of  the  other 

ituent  sides  taken  in  cyclical  order.     If  the  two  points  K 

F 
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and  T  coincide,  then  the  line  KT  has  no  value,  there  is  no 
resultant  motion,  and  the  result  of  the  simultaneous  velocities  is, 
in  such  a  case,  a  state  of  rest. 

Reference  to  Axes. — It  is  often  as  convenient,  or  more  so,  first  to 
resolve  each  velocity  into  two  components,  which  are  made  parallel  to  arbi- 
trarily chosen  axes.  Let  the  same  velocities,  AB,  AC,  AD,  AE,  AF,  be  sup- 
posed as  in  the  previous  paragraphs.     Through  the  point  A  (Fig.  20)  draw 
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axes  of  z  and  y  at  right  angles  to  each  other.  Resolve  each  velocity  into 
its  components  parallel  to  these  axes.  AB  is  resolved  into  A6  and  A/3  ;  AC 
Into  Ac  and  Ay,  and  so  on.  The  value  of  the  resultant  is  found  after 
summing  up  with  reference  to  each  axis  separately.  The  total  result  with 
reference  to  the  axis  of  x  is  (A6  +  Ac  -  Ad  —  A«  +  A/),  which  has  a  value,  say, 
+  Ar.  In  the  axis  of  y  the  total  result  is  (- A/?  +  Ay  +  AS- Ac- A^X 
which  has  the  aggregate  value,  say,  +  A.p.  The  resultant  therefore  is  to  be 
drawn  from  A  to  a  point  R,  which  has  co-ordinates,  x  =  +  Ar,  y—+  A/>. 
Velocities  not  in  one  Plane. — The  same  essential  principles  apply 
here  as  in  the  preceding  paragraphs.  In  the  case 
of  a  railway  train  travelling  at  the  same  time 
northwards,  westwards,  and  upwards,  the  motion, 
while  it  may  be  represented  by  a  straight  line, 
is  the  resultant  of  three  components  at  right 
angles  to  each  other.  The  proposition  in  three 
dimensions,  which  corresponds  to  that  known  as 
the  parallelogram  of  velocities  in  bidimensional 
space  (in  a  plane),  is  called  the  parallelepipedon 
of  velocities.  If  the  three  velocities,  Ax,  Ay, 
As  (Fig.  21),  at  right  angles  to  each  other,  be  compounded,  the  resultant  is 
expressed  by  a  line  drawn  from  A  to  the  opposite  angle  of  that  parallelepip- 
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edon  of  whi. '  As  measure  the  length,  breadth,  and   thi dOMBft      If 

Ajr.  to  one  another,  AS  +  Ay2  +  A&), 

while  if  they  be  not  at  right  angles  to  one  another,  AR  is  the  diagonal  of  an 

Anv  rretilinr  may  be  resolved  into  three  components  in  an 

ind  I  i  iber  «>f  ways,  for  there  may  be  »u  infinite  number  of  prisms 

constructs!  on  a  given  diagonal   line  ;  bat  there  can  ouly  be  one  way  of 
Tt*<'.  B  movement  into  components  if  these  must  be  at  right  angles 

Ui  one  another,  -ir  if  the  direc&ma  of  two  of  them  be  aligned. 

Polygon  of  Velocities  also  applies  when  the  ''oinponent  move- 
men  1  to  one  plane,  fur  a  no-called  "  gauelu  polygon* ,"  or 
"skew -polygon,"  may  be  realised,  no  three  of  whose  contiguous  sides  are 
in  the  game  plane  ;  the  only  essential  criterion  of  BQfih  a  polygon  b  that  it 
■hall  be  u  and  closed.  If  such  a  polygon  whose  sides  represent 
velocities  be  realised,  but  be  incoinph-te  or  "  unclosed,"  the  missing  side 
represents  the  Resultant,  and  the  direction  of  the  resultant — opposed  to  that 
of  the  rest  of  the  sides  taken  in  cyclical  order — and  its  magnitude  are  found 
in  the  tame  way  as  if  the  polygon  had  been  re  !  I  ii  !"•!  '"  ■  plane  surface. 

The  method  of  reference  to  axes,  illustrated  by  Fig.  20,  is  of  special 
uk  when  extended  to  tridimensional  space.  Of  a  number  of  velocities  in 
different  directions  in  space,  each  may  be  resolved  into  three  components, 
parallel  to  the  axes  of  r,  of  y,  and  of  z,  and  the  resultant  is  found  after 
camming  up  the  effects  produced  with  reference  to  each  of  these  axes 
respectively. 

Change  of  Velocity. — This  phrase  is  sometimes  employed,  as 
when  the  statement  is  made  that  a  certain  velocity  has  been 
changed  into  another,  and  the  question  is  asked,  What  has  been 
the  "  Change  of  Velocity  ?"  Another  way  of  stating  the  same 
is — A  known  component  and  an  unknown  one  have  produced  a 
given  resultant:  tohai  WtU  the  value  of  the  unknown  component? 
This  is  easily  solved  if  the  direction  of  motion  have  not  changed ; 

ie  if  the  direction  have  also  changed,  the  question  is  answered 
by  the  aid  of  the  triangle  of  velocities;  the  two  sides  being 
known,  the  third  Bide  is  easily  found. 

Parallelograms,  etc.,  of  Accelerations. — What  is  true  of 
simultaneous  velocities  imparted  in  general  is  true  of  velocities 
simultaneously  imparted  in  unit  of  time — that  is,  of  Accelerations, 
and  heiKe,  if  a  body  receive  two  accelerations,  these  must  be  com- 
pounded in  exactly  the  same  way  as  two  velocities.  So  every 
of  the  geometric  propositions  just  laid  down  with  reference 
to  velocities  fi&dfl  its  exact  counterpart  in  a  proposition  relating 

accelerations,  and  we  thus  have  such  propositions  as  the 
Parallelogram,  the  Triangle,  the  Polygon,  the  l'arullelcpipedon  of 
Accelerations. 

eleration  may  therefore  result  in  mere  change  of  direction 
of  motion :  for  the  original  velocity  compounded  with  that  pro- 
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duced  in  a  given  time  by  the  acceleration  may  yield  a  resultant 
velocity  which  is  the  same  in  amount,  hut  not  in  direction,  as  the 
origins]  velocity:  the  triangle  of  velocities  is  then  an  isosceles 
triangle,  the  two  equal  sides  in  which  represent  the  original  and 

the  resultant  velocities  respectively. 


Problems. 

1 .  If  the  same  particle  he  simultaneously  affected  by  a  northward  velocity 
Of  10  hoi  l"  •  i  of  8,  one  towards  the  ELW.  of  7,  t<i  tin-  \\ . 
of  8,  to  the  S.E.  of  6,  and  to  the  N.K.  of  7,  find  the  resultant  movement, 
lad  »h«.»w  that  it  doofl  not  matter  in  what  order  the  components  are  resolved. 

2.  If  the  axes  of  x  and  \i  be  drawn  at  right  angles  to  one  another  through 
the  common  point  A  ;  if  then  the  point  A  be  supposed  to  be  simultaneously 
Affected  by  velocities  represents!  V.v  the  following  Unas,  viz.  fa)  one  drawn 
making  an  angle  of  15"  with  Ajt,  and  of  such  a  length  as  to  represent  a  velo- 
city of  10  metres  per  second  ;  (b)  one  making  an  angle  of  45*  with  Ajt,  and 
re|> resenting  a  8]>ced  of  15  metres  pes  second  ;  (c)  one  o  D  ObtOJQ  angle 
of  120"  with  Aj,  and  representing  8  metres  per  second ;  and  (d)  one  at  on 
angle  of  195'  wit!  I  PSpmottting  a  rate  of  12  metres  per  second. 
Find  the  resultant  velocity  (1)  by  the  polygon,  and  (2)  by  reference  to  axes. 

3.  If  a  body  moving  10  miles  an  hour  northward  come  to  move  at  the 
same   rate   southward,   what  is   the    change   of  velocity  ? — Am.   20   miles 

4.  If  a  l»ody  be  moving  with  a  velocity  -4  miles  an  hour  northward,  and 
is  after  some  time  found  hi  be  moving  at  the  nanir-  DUl  BUtWWd,  what  is 
the  change  of  — Ans.  4  x  \/"t,  acting  towards  the  S.E. ;  the  hypo- 
feflnUN  of  a  right-angled  trinnglr. 

5.  If  a  body  moving  at  the  rate  of  10  feet  a  second  is  found  after  some 

travelling  at  the  same  rate,  but  in  a  direction  inclined  at  an  H 
of  60'  to  its  former  one,  what  is  the  change  of  velocity  7 — An*.  10  feet  per 
second,  making,  with  the  original  tin-  resultant,  an  equilateral 

triangle. 

Accelerated  Motion.  —If  ■  body  he  moving  at  a  rate  which 
increases  or  deQVNMfl  with  the  time,  its  velocity  is  said  to  be 
L  The  acceleration  is  said  to  be  positive  when  the 
veln<  its  of  the  motion  fa  i m  teased,  negative  when  it  is  ditnin- 
I  Kb  measured  by  tin-  amount  of  increase  or  decrease  of 
the  velocity  per  unit  of  time.  If  a  particle  be  at  a  certain  in, 
instant  moving  at  a  rate  V,  and  if  its  acceleration  be±a,  in  the 
same  straight  line,  then  its  vnrious  rates  of  motion  are — 

At  the  initial  instant  .  V. 

At  the  end  of  one  second  Via. 

At  the  end  of  two  seconds  V«fe2& 

the  eud  of/  seconds  Via/. 

Hence  we  arrive  at  a  general  equation  expressing  the  relation 
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between  v  the  velocity  acquired  at  the  end  of  t  seconds,  V  the 
original  velocity,  and  ±  a  the  acceleration,  namely, — 

v=V±at,     (1.) 

in  which  the  +  or  the  —  sign  is  used  according  to  the  positive  or 
the  negative  character  of  the  uniform  acceleration  a. 

It  is  supposed  that  the  acceleration  is  uniform,  and  hence  the 
average  velocity  during  any  interval  of  time  is  the  arithmetical 
mean  between  the  velocity  (V)  at  the  commencement  and  the 
velocity  (V±a£)  at  the  end  of  the  interval ;  that  is  to  say,  it  is 
equal  to  half  their  sum  or  |{  (V)  +  (V±aO  }  =  (V  +  \ai).  This 
being  the  average  velocity  during  the  interval,  the  space  traversed 
will  be  found  by  multiplying  the  average  velocity  by  the  time, 
and  hence  we  have  (s  being  the  space  traversed) — 

8=t(V±$at)=Yt±$a£2.     (2.) 

From  equations  (1)  and  (2)  we  may  eliminate  t*  and  thus  obtain 
a  third  equation — 

v*  =  V*±2a8,     (3.) 

which  expresses  the  relations  between  the  original  and  acquired 
velocities,  the  space  passed  over,  and  the  acceleration. 

All  elementary  problems  concerning  accelerated  movement  in 
one  direction,  which  give  a  sufficient  number  of  terms  to  enable 
a  conclusion  to  be  arrived  at,  can  be  solved  by  the  aid  of  these 
equations. 

Problems. 

1.  If  the  Telocity  at  the  initial  instant  be  10  feet  per  second,  and  the 
acceleration  be +  2  feet  per  second,  what  will  be  the  speed  at  the  end  of  13 
seconds  ? — Ana.  Here,  by  equation  (1)  (v  being  the  unknown  term); 

«  =  V  +  o*=10  +  (2x  13)=36. 

2.  If  the  acceleration  be  -  2  feet  per  second,  what  will  be  the  velocity  ? 
— Ana.  t>=10- (2  x  13)=  -16;  that  is,  16  feet  per  second,  in  a  direction 
opposed  to  the  original  velocity. 

3.  If  the  terminal  velocity  be  20  feet  per  second,  the  acceleration  be  4 
feet  a  second,  and  the  initial  velocity  4  feet  per  second,  what  was  the  time 
spent  in  acquiring  the  ultimate  speed  ? — Ana.  Here,  by  equation  (1)  (t  being 
the  unknown  term), 

20  =  4  +  4t,  whence  t  =  4. 

v-V 
*  From  equation  (1) :  t=± 

Substitute  this  value  for  t  in  equation  (2) — 
V»  ±  2m  =  tt. 
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4.  A  body  travel*  with  accelerated  v»-li«  it y ;  its  acquired  velocity  is  100 
feet  per  second,  its  acceleration  is  10  fret  per  second,  and  D  gaining 

speed  for  8  seconds.      What  WBI  the  initial  vehx  it)  I — Am.  By  ftQQAfcloa  (1), 

V  being  the  unknown  term,  100  =  V  +  (10x  8),  whence  v=20. 

o.   A  body  fall*  fruin  rest:   ii  increases  by  322  feet  per  tH 

What  will   be  its  speed  at  the  end  of  5  seconds? — Am.  By  e«|tiatii 
being  the  unknuwn  term,  and  V  =  0,  r  =  0  +  (32'2  x  5)=  I  C>1  fwt  pVMflni 

B.  What  space  will  have  been  traversr!,  .  i.  i  root  rtinainin^  jw  in  tit. 
last  question? — An*,   Bj  O  (2),  <  being  the  unknown  quantity,  and 

V  -  0,  $  -  0  +  \  (322  x  25)  =  402;. 

7.  What  time  will  a  body  take  to  fall  502'5  feet  if  it  be  thrown  down 
from  a  cliff  at  the  initial  rate  of  20  feet  per  second,  ami  if  tin-  BO  -el. 'ration  of 
a  falling  body  bo  32 '2  feet  per  second  ?— Ant.  Here,  by  equation  (2\  t  being 
tin-  unknown  term,  502*5  =  20J+  16'lt*,  a  quadratic  :  whence  t  m  5  seconds. 

8.  If  it*  initial  velocity  had  Wn  20  feet  per  second  upmmU,  how  long 
would  it  take  to  fall  I — An*.  Here  the  acceleration  is  opposed  to  the  original 

ity,  and  equation  (2)  becomes    5025  =  20t  -  10'lt-,  whence  <  =  6'24 
seconds. 

9.  What  speed  is  acquired  by  a  falling  body  if  it  start  from  rest  and  fall 

hit  i 

c  is  unknown,  V  =  0  and  a  =  32-2.     By  equation  (2), 

v-  =  0+(2  x  32-2  x  1610), 
v  =322  feet  per  second. 

10.  If  &  body  start  with  initial  vel.tcity  V,  and  the  acceh .-ration  be  a, 
what  will  be  the  space  traversed  in  tin-  iir.it,  in  the  second,  in  tbe  third,  in 
the  fourth  seconds  respectively;  and  what  will  be  the  space  •  n  4 
seconds  I—An*.  V                     t.a  |;  V  |  B.«  Bj  X  \  .■•■:-.  A    •   tft.«/S. 

Composition  of  uniform  with  accelerated  motion. — If  a 
particle  be  affected  with  both  a  uniform  and  an  accelerated  motion, 

and  if  thaw  be  in  fche  Bams  straight  lint,  we  have  simply  the 
Mem  dealt  with  by  the  aid  of  12m  last  three  sonfltJona.    Wb 

however,  the  uniform  and  the  accelerated  velocities  are  not  along 
the  same  line,  hut  are  in  oUXBOtianS  inclined  to  one  another,  the 
resultant  must  be  found  by  a  geometrical  or  ai  Seal  process 

of  composition  of  \v!  If.  for  the  Bake  of  fixing  our  ideas, 

we  consider  such  a  motion  as  that  of  a  projectile  lire.l  horizontally 
from  a  gun  placed  on  a  height,  we  see  t!  hall  is  aflat 

with  tWO  simultaneous  motions,  the  one  horizi ■nl.il  .mil  unifurni, 
illy  downwards  and  accelerated.  If  we  consider 
the  positions  reached  by  BOOB  a  body  in  successive  equal  intervals 
of  time,  we  find  tbat  while  it  passes  forward,  by  reason  of  its 
horizontal  component,  over  spaces  varying  directly  as  the  ti; 
the  amount  of  its  vertical  drop  doa  to  tie-  downward  accelerated 
component  is  proportional  (Equation  2.  where  V  =  0)  to  tin- 
square  of  the  time  during  which  it  has  0080  in  motion  j  ho  that 
if  we  separately  find  its  various  positions  at  the  end  of  successive 
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Fig.  22. 
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inu-rv.ils  of  time,  we  can  draw  a  line  joining  these  positions, 
which  linu  we  find  to  be  a  curve  known  as  a  Parabola  (Fig.  22). 

again,  we  consider  that 

the  one  movement  is   in  the 

of  i,  and  is  uniform,  so 

that  at  the  and  of  time  /  the 

horizontal  component   motion 

has  carried  the  body  along  the 

axis  «»f    B   a  distance  x  =  r( ; 

while   the  vertical   fall   repre- 

?nts  the  distance  tg  the 

which  the  body 

situated  at  the   end  of  the 

ae  time  t,  so  that  according 

to  equat  ion  ( 2)  above,  y  —  \a&; 

then  we  find4  that  in  time  t 

i    this    time   be)  the 

idy  mores  to  a  position  such 

. ■■■■  •  •  ■  I  ■  :i  i  <<:■■('  i/  from 

the  starting  point  bears  to  a?, 

the  square  of  its  horizontal  dis- 

from  the  Starting  point, 

constant  ratio,  or  in  qymbola 

l=  v,  which  is  recognised  as 

on  to"  a  Parabola. 

f»is  indicates  that  in  order  to 

ve  tlie  given  relation  between  the  values  of  x  and  y,  the 
path  of  the  body  as  it  moves  from  point  to  point  must  be  in  a 
curve  known  as  a  parabola. 

It  i-  itatad  that  tL  !i  move  in  a  parabolic  not  in  the  parabolic 

path ;  this  U  here  is  an  indefixriU  number  of  pnahoMe  paths  pDssible, 

tber  '  i lite  number  of  parabolic  curves  (jnri  mj  be  an 

infit  i  jet  of  water  expelled  from  a  fire-engine), 

which  resemble  each  othei  in  having  aome  constant   p  the 

Talue?  of  "f  the  square  of  the  other,  but  which  diff  E 

in  the  nnmerical  value  <>t'  that  ratio. 

Degrees  of  Freedom  of  a  Particle. — If  a  particle  be  free  to  move  in 

•  Thi*  is  an  instructive  example  of  a  method  frequently  in  use.    One  consideration 
I  u*  to  the  equation  x  =  vt ;  another  to  the  equation  u  -  W': .-  the  question  is,  what 
law  gc  rerns  the  relations  of  z  and  y  ?     Tho  two  equations  are  combined  in  any  Wmj 
so  m  to  represent  z  as  aome  multiple  (or  other  "  function  "l  or  y,  and  also,  if  posri 
»  aa  to  eliminate  a  letter  common  to  both  equations.     ITcre  the  value  of  t  ( - 

from  tho  fi rst  equation  may  be  substituted  for  /  in  the  second,  thus  making 
i*  V  -  i«  {*\*¥t  whence  x*  ■*■  y  =  const. 
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any  direction  in  space,  it  is  said  to  have  three  "  degrees  of  freedom,"  because 
it  may  move  in  tridimensional  space  ;  it  may  move,  e.g.  (1)  up  or  down,  (2)  for- 
wards or  \m it  •)  In  the  right  or  left ;  or  more  generally,  it  may  move 
in  the  tlin.-'tinii  i.f  any  of  the  three  axes  arbiti.irily  oihottD  ll  right  .-ingles  to 
one  another,  by  reference  to  which  we  agree  to  specify  any  given  direction  in 
space,  or  it  may  move  in  any  other  direction,  motion  in  which  may  be  con- 
sidered as  the  resultant  of  simultaneous  motions  in  the  three  directions 
assumed  as  axes  of  reference.  If  the  particle  be  restricted  to  a  surface,  it 
cannot  move  in  a  direction  at  right  angles  to  that  surface,  and  is  accordingly 
said  to  have  one  decree  of  freedom  less;  it  has  now  tun  degrees  of  freedom, 
for  it  may  travel  along  the  surface  in  two  main  axial  directions  {e.g.  (1)  for- 
ward or  backward,  (2)  to  the  right  or  left),  or  in  any  direction  derived  from 
>ination  of  the*'.  If  the  particle  be  restricted  to  two  surfaces,  on 
both  of  which  it  must  lie  at  the  same  time,  it  can  lie  nowlx  <  line 
iu  which  these  two  surfaces  cut  one  another,  and  it  has  now  only  the  one 
gree                  mi  implied  m  the  possibility  of  moving  (backward  or  forward) 

Og  this  line.      If  the  particle  be  restricted  to  three  surfaces  winch  cut 
another  in  a  point,  the  parti.  1«-  OUBOt  haw  that  paint  without  leaving  one 
i'Ii.  v  ..f  the  surfaces  ;  it>  definitely  tix.-.I,  and  it  has  no  degree 

n  t.>  mora  n  taj  dlieelion. 

Translation.  —  If  there  be  i  system  of  separate  particles,  all  of  which 
are  affected  with  equal  and  parallel  nlodftlttj  Ml  "•ill  mow  in  such 

a  way  as  to  retain  its  relative  position  with  regard  to  [U  frllow-particles,  and 
the  system  will  move  as  a  whole,  undergoing  no  deformation,  just  as  a  com- 
pany of  soldiers,  all  the  constituent  units-  of  wlii.  h  mnivli  in  tin-  BUM  direction 
urid  at  the  same  n  Itbau      If  ■  rtntight  line  Ik;  drawn  be- 

tween any  two  of  these  particles  when  the  system  is  in  it*  tnit 
will  be  found  that  tho  line  drawn  between  the  same  particles  after  such  move- 
ment will  always  remain  parallel  to  it*  former  position,  and  will  be  unaltered 
in  length.  Motion  iu  which  every  such  line  remains  parallel  to  all  its  pre- 
vious positions  is  called  Simple  Translation.  If  we  '-tu.lv  tie-  motion  of 
such  s  straight  line  or  of  the  particles  between  which  it  lies,  we  shall  have 
complete  knowledge  of  the  positions  of  the  various  particles  of  the  system 
that  system  be  restricted  to  a  plane  surface.  If  the  system  be  not  restricted 
to  a  plane  surface,  then  it  is  possible  that  though  one  line  and  all  lines 
parallel  to  it  may  continue  to  be  parallel  to  their  former  positions  the  whole 
system  may  have  rotated  round  one  of  these  lines  as  round  on  axis  ;  and 
hence  in  this  case  it  is  necessary,  before  the  motion  of  the  system  can  be  said 
to  be  a  motion  of  simple  translation,  that  not  a  line  only,  but  any  plane 
through  the  system — Of  uounts  to  the  same  thing,  every  line  in  any 

such  plane — should  retain  parallelism  to  its  initial  position. 

Rigid  Body. — This  is  an  ideal,  not  physically  realisable.     A 

body  may  be  regarded  as  a  system  of  ninth  les  which  may  move 

as  a  whole  with  reference  to  surrounding  objects,  but  in  which  there 

can  be  no  displacement  of  itB  particles  with  reference  to  one  another. 

Centre  of  Figure. — There  is  in  the  case  of  every  body  of  any  shape 
whatsoever  some  one  point  Dg  a  definite  position,  which  position  may 

be  described  as  the  average  of   all  the  respective  positions  of  the  sever 
particles  of  the  body.      A  body  suspended  in  the  air  somewhere  towards 
N.W.  will  haw  (generally  within  itj  a  point  which  is  not  only  situated  at  an 


CENTRE  01  F1GUKE. 


73 


average  distance  to  the  north  of  the  point  <>f  reference,  but  is  also  on  avenge 
distance  to  the  west  and  at  an  average  height  ;  and  this  point  ia  the  Centre 
of  Figure.  Nut  only  "with  respect  to  the  planes  chosen  as  those  of  reference 
is  this  point  toe  lentre  of  figure,  and  its  distance  from  each  of  thoao  planes 
the  average  ol  nil  distances  of  all  tin-  pertielee,  but  it  bee  this  pro- 

perty with  ivf.ivi; 

The  centre  of  figure  of  a  straight  line  or  linear  body  is  its  middle  | 
the  cent!-  I  •  ia  its  centre;  tin:  centra  of  BgUXt  of  a  sphere,  of 

an  ellipsoid,  of  a  spheroid,  tl  equally  ol  it  nf  I  hoUon  .»pln*rieal  shell 

is  ti  (responding  photo,  tod  li  therafora  not  within 

the  sub*t  parallelogram  is  the  point  at  which  the 

diagonals  cross  one  another.  ir  plane  figure  is  obtained  by 

dividing  it  into  numerous  thin  Btripa  and  bic 

ate  of  bisection  a  line  n  drawn  in  which  the  must  lie.    By 

repeating  the  process  another  such  liu  l  Mm.  1.  Then  two  lines  will 

cross  one  another  in  BOH  where  they  do  so  is  the  only 

poii.  i  -,  a&d    i-  the   centre  of  figure.      Tl 

containing  the  centre  ol  figure  i  lit  -, 

i(  they  be  not  so  the  construction  fails,  and  we  may  modify  one  of  the 
experimental  meth<  d  under  the  Centre  of  Gravity,  further  on. 

The  imp  antra  of  Figure  lies  in  this  :  that  if  a  rigid  body 

be  -  n  with. .lit  rotation,  the  motion  of  the  body  may  be 

i  lied  by  considering  the  moveineujt  of  the  centre  of  figure, 

and,  on  I  hand,  if  a  rigid  body  be  subject  to  accelerations  whose 

resultant   peases  through  the  centre  of  figure,  the  whole  rigid  body  will 

participate    :n    the   movement   Of   its  centre, 

will  be  traiulation  :  while  it 

.vnt  of  parallel  accti  lo  not  pass 

through  the  pi  a  ill  in  ,•..'./■■■ 

Rotation  takes  place  when  a  straight 
line  drawn  through  a  n ■■  iy  or  system    ^f*^  -  a 

of  pertielee  does  not  continue  to  be  parallel    A'  *' 

tfl  previous  directions  in  space.     Let  us  suppose  the  moving  system  to  he 
restricted  to  a  hi  •"•     Thi  D  a  determinate  line  AB,  arbitrarily  chosen 

in  the  body,  may  move  so  that  its   *s 


ultimate   positi'  '    (Fig.   23). 

Obviotiily   the   line    A  P.,  and   with   it 

the    i  ted    round  the 

0.     Again,  Hi  n  posi 

tious  of  the  aai  'nay  be  AB 

and  AB'  in  Fig.  24.      in  this  case  a 

0  may  be  h'tind,*  round  which 

me  AB  has   rotated    so    as   to 

squire  its  new  position  A'B'.    If  the 

Ali   suA    AT/    be    very    nearly 

|Ksra]i  ruction 

will    show    thai    the    point   0    I 

paael  cBataoen, 


^o 


Flg.24. 


\   '"w^ 


,b' 


*1M 


,'L 


A  B 

a   the  lines  AB  and  A'B'  are   perfectly  parallel,   the 


*  Join  AA';  bisect  A  A'  in  \t\  draw  LOat  right  angles  to  A  A'.  Join  B1V  ;  bisect 
BB'  in  M  ;  draw  MO  at  right  angles  to  HIV.  LO  and  MO  will  intersect  in  0  ;  0  is 
the  point  required.     Join  I  >B,  OB' ;  the  triangles  OAB  aud  OA'B'  are  equal 

ia  erery  respect. 
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point  0  is  at  an  indefinitely  great,  an  infinite  distance.  Thus  we  sec  that 
th'iuj;li  it  is  convenient  to  regard  translation  ami  rotation  ai  distinct  forms 
of  motion,  yet  translation  may  be  considered  m  a  limiting  case  of  rotation 
effected  round  an  infinitely  distant  « entre. 

Any  translation  of  AB  into  the  j»arallel  position  A'B'  may  ho  resolved 
into  a  succession  of  rotations  first  round  one  extremity  n  A,  tii-  n  bo  an  equal 
extent  but  in  bt  (Unction  round   H:  tail  b  •  - ; i - i  1  >•  rerffiad  by  con- 

struction.     If  8m  line  AH  cannot  be  brought  i  D  line 

A'B'  by  a  single  pair  of  such  rotations,  a  sufficient  number  of  pairs  of 
rotations  will  certainly  effect  t 

Composition  of  Rotations. —  If  i  round  the 

}i  -iiit .  O,  the  HjM  AB  lie  brought.  Into  the  pOSftfai  A'l.  ;  tf  U  N  ttm  rotated 
round  the  point  O'  so  as  to  assume  the  position  All":  the  two  WtitffTBI  caji 
be  compounded  into  one  round  a  point  O",  which  is  found  di:  i 'in- 

paring  the  initial  and  final  positions  AB  and  A'B",  without  reference  to  the 
Liite  position  All'. 

If  a  solid   body,  of  which  one  point  is  fixed,  move  in  any  way  whatso- 

,  the  result  is  the  same  as  if  it  had  revolved  rouud  some  definite  nil 
passing  through  that  point  Any  movement  under  this  condition  is  equiva- 
lent to  a  single  ratal 

If  a  body  be  subject  to  two  or  three  .simultaneous  rotations  rouud  axes 
ri  a  fixed  point,  the  resultant  movement  is  rotation  round  a 
single  axis,  which  is  found  by  a  COB  D  precisely  the  same  as  that  of  the 

parallelogram  or  the  parallelepipedon  of  velocities  :  the  sides  of  the  figure 
represent  in  direction  the  axes  round  which  the  rotation!  occur,  and  in  length 
the  amount  of  angular  wlm-ity  ;  *  tin-  diagonal  obtained  represents  in  the 
same  way  the  axis  and  the  angular  veh  resultant  rotation. 

The  most  indeterminate  motion  of  a  rigid  l>ody  may  always  be  resolved 
into  the  same  motion  as  that  of  a  screw  in  in  nut,  namely,  a  Rotation  and 
a  Translation.  As  the  bodj  continues  t<.  move,  the  avis  of  the  imaginary 
screw  may  change  it*  direction  in  ntM  j  hut  when  consider- -d  it  ami  fiff  the 
■pace  of  any  particular  I  |]  instant,  it  ma>  I-.-  rfgwdod  infixed,  and  is 

then  called   tin     Instantaneous  Axis.      As  limiting  cases,  the  trans].. 
may  =  0.  n  [|  Simple  Rotation  ;  or  the  angular 

may  -  0,  in  which  case  we  would  have  Simple  Translate,  ultimate 

position  attained  may  always  be  reached  by  means  of  a  single  translation  and 
a  single  rotation  round  some  axis. 

*  \\  linn  loly  DOTS*  ina.  ireulai  |*th,  it*  v.-I...  ity  n.  thai  pith  Sal If  bl  mSMOTad 
by  the  length  of  the  path  traversed  divided  by  the  time,  as  usu.d  |  or  it  may,  in  many 
respects,  more  conveniently  be  expressed  in  terms  of  angular  velocity.  Here  the 
|«ath  is  measured,  n  ins  of  it*  own  length,  but  with  reference  to  th<* 

angle  which  it  subtends  mid  to  the  length  of  the  radius.     The  unit  angle  is  that 
angle  (67*-2»578  =  &7'  17''44"'8  nearly)  which  is  subtended  by  s  part  of  the  cir 
foresee  equal  in  length  to  the  radius.     Hence  the  circumference  =  360"  =  2s-  M  unit 
angle,  r  being  equal  to  3*1410.     Unit  angular  vrlo.  ity  is  |  ..hah  s  particle 

travelling  in  a  circle  whose  radius  =  1  would  it-self  describe  a  psth  =  1— that  U,  unit 
angular  velocity  is  that  of  o  rotating  body  which  traverses  the  unit  angle — in  unit  of 
time.     If  the  radius  be  r  and  the  angle  traversed  be  9,  the  part  of  tin 
passed  over  is  r0,  and  if  this  be  accomplished  in  thin    /,  the  linear  velocity  of  a 
particle  on  the  circumference  is  r9;t ;  that  of  a  particle  nearer  or  farther  from  the 

tM   i>*   MOpm I  sOMtnlj   leas  or  greater;    while   the  Angular 
particles  of  a  rotating  wheel  is  the  same,  namely,  9/1.     The  Dimensions  of  angular 
velocity  are  an  Angle  (  *  Are  -r-  Radius)  4-  a  Time  =  [(L  -r  L))  +  IT]  =  [T~  •  J. 
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De^reea  of  Freedom  of  a  Rigid  Body. — When  a  rigid  body  is 
absolutely  free  to  move  in  any  direction    in   space,   it  is  paid   to   have  six 
degrees  of  freedom.     These  are  (1)  three  degrees  of  freedom  of  transla' 
like  those  of  a  simple  i  1  >')  three  degrees  ol  :  rotation 

round  three  axes  arbitrarily  oh  till  at  right  angles  to  one  toother.  Any  Rtefa 
boxh  imple,  (1)  up*  iWUWUtdS,  N.  Qf  8., 

OS  W.,  or  it  may  rotate  round  (4)  a  vertical  axis,  (5)  an  axis 
Iv  iui'i  W.     Any  rotation  not  round 
these  axes,  or  any  Irsndation  not  Bon  of  these  axee,  may  be  resolved 

Tit-iit*,  round  or  parallel  to  them  ;  and  as  any  change  of  pOtStiQO 
whatsoever  maybe  produced   by  a  angle  I  and  a  single  rotatl 

any  moticm  whatsoever  may  be  effected  by  a  body  which  has  these  six 
degrees  ol 

If     :  ii  a  rigid  body  In-  fixed,  there  QUI  be   no  tnmslation,  and 

greet  of  freedom  are  thus  lost ;  tin-  body  has,  hnwevex,  unlimited 

freedom  .,f  rotation  round  any  axis  passing  through  the  fixed  point,  and  thus 

lorn.      If  a  lino  in  the  body  be  fixed  in   position, 

inflation,  ami  there  can  be  Ml   rotation  except  round   this 

fixed  line,  and  so  there  can  be  only  one  degree  of  freedom,  wbtoD  O0ITei{KMldi 

to  that  rotation.      If  a  surface  (or,  which  amounts  to  the  6amc  thing,  if  three 

point*)  in  the  body  be  fixed  in  position,  there  can  be  neither  translation  noi 

rotation,  and  the  rigid  body  has  no  freedom. 

If  a  point  in  I  be  restrict!  Han  along  a  giv.-n  line,  there 

can  only  be  one  translation,  but  there  may  be  any  rotation,  and  so  the  rigid 
Uody  has  four  degrees  of  freedom.  When  a  j.riven  line  in  the  body  must 
coincide  with  some  part  of  a  line  assigned  in  space,  there  can  be  only  one 
translation — that  along  the  Hue  assigned,  and  one  rotation — that.  MUUd  the 
line;  and  hen-  we  find  the.  rigid  '  have  fcwU  dtj  :n.      If  a 

i  t  in  the  body  be   restricted  to  a  gj  !y  motion  which  i: 

impossible  is  translation  in  a  direction  at  right  angles  to  the  surface,  and 
bonce  tin  u  in  this  case  five  degrees  ol  freedom.     If  a  line  in 

i  surface,  one  translation  ii  impoatible,  as  in  the 
two  rotations  possible,  the  one  RTUni 
lin«  restricted  to  the  surface,  and  the  other   round   an   axis  at  i 

angles  to  the  surface  :    in  this  case  there   are  acc«i  I  grees  of 

freedom.      If  three  points  in  a  body  be  restricted  to  a  surface,  there  can  be 
rotation  round  an  axis  at  right  angles  to  the  surface,  and  then  GflS  be.  trans- 
:i  in  any  direction  along  the  surface  but  not  away  from  it,  BO  thai  in  ffeif 
eaee  we  have  three  degrees  of  freedom. 

Strain. — Whan  a  body  is  not  rigid,  its  particles  may  so  move 
with  reference  to  one  another  that  their  displacement  produces 

■rmatiou,  and  such  relative  motion  of  the  particlea  of  which  a 
body  is  made  up  is  called  a  Strain  of  the  body. 

DOM  a  circular  plate  to  be  expanded  uniformly,  as  a  disc  of  iron  is 
,  the  radius  will  enlarge  in  the  ratio  of  (say)  1  to  a  ;  the  area  of 
the  plate  increases  in  the  ratio  1 ;  a2.     The  linear  expansion  is  the  difference 
nitial  and  the  final  length  of  the  radius,  i.e.,r(a  -  1)  where  r  is 
the  original  radius,  and  is  hence  proportional  to  (a-  1).     If  the  body  have 
contracted,  u  in  less  than  1,   and  a  tive  ;   hence  the  linear  ex- 

pansion  is  negative.     The  superficial  expansion  is  the  difference  between 
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(ha   areas  before  and  after   tli.-    r-traiu,    viz.  {ir(ar)a  -  7IT8)   =  tt2  (a9-l);* 

banoi  tbt  gqptrfida]  expansion  b  proportional  to  (a2-ix  A  square 
similarly  affected  has  its  sides  and  area  increased  or  diminished  in  the  same 
ratios:  so  wonld  a  parallch^nuii  or  any  other  plane  figure,  if  the  linear  ex- 
pansion were  the  same  in  ill  direction*.  Again,  suppose  ■  globular  body  to 
be  thus  uniformly  flgpanded  ;  it  increases  in  rise  and  Wome*  ;i  large]  I 
if  itH  radius  increase  in  the  ratio  !  :  a,  its  bulk  will  incre;i.*e  in  the  | 
1  :  <•  ••xpansion  will    be    proportional    to  a:*  —  1.      Cubes, 

parallelepipeda,  and  all  other  solid  figures,  would  under  the  same  dfOWB- 
stances  become  larger  or  ~inull<r  cul>es,  parallelepipeda,  etc.,  whose  bided  and 
bulk  would  boar  similar  nfcioa  t<>  il 

Suppose  a  square  to  be  nn equally  dilated  or  contracted  along  axes  parallel 
to  its  sides,  the  square  will  become  a  parallelogram.     A  circle   will   thus 

■me  an  ellipse  ;  an  ellipse  will  become  an  ellipse  of  another  form.  As  a 
circle  is  an  ellipse  of  a  particul  ir  Bam  whose  Imgt.h  {its  Btjor  axis)  is  equal 
to  its  breadth  (its  minor  axis),  any  ellipse  may  be  converted  by  a  strain 
i  circle,  if  its  axes  be  in  due  proportion  lengthened  or  shortened.  If  the 
expansions  along  the  two  rectangular  axes  Ik*  in  tin-  Bttioi  1  :  ■  an-l  1  :/i,  the 
area  of  the  resultant  parallelogram,  allipaa,  n  dnLe,  will  be  BO  that  of  the 
original  figur-  in  the  ratio  a/3     1 

If  the  body  be  a  cube  and  be  unequally  expanded  in  directions  parallel 
to  its  sides,  it  becomes  on  uneqnal-*idrd  parallalepipedon.  If  the  Ml 
sides  expand  in  the  NtpacftrfC  r.itio<  1  :  •»,  1  :  ft,  and  1  :  y,  the  bulk  of  the 
parallelepipedon  will  bear  to  that  of  the  cube  the  ratio  afiy  :  1.  A  pin  1, 
•trained  in  the  same  WBy  will  become  an  ellipsoid,  a  n-caUad  ultraJimlHp 
•oid":  any  ellipsoid  will  become  an  ellipsoid  of  a  ditTerent  f.itm,  an-l  may 
become  that  particular  kind  of  el'  •  >wn  as  a  sphere,  an  ellipsoid  whose 

three  axes  ore  equ-d  t«.  ana  another. 

11  lie  <«een  on  drawing  any  of  the  figures  just  described  that  any  two 
parallel   lines  drawn  through   the  body  in   its  original  fonn  will   bl   pari 
after  the  struin.      In   thi^   kind  of  strain,   called  Homogeneous    Strain, 
there  ar.  ,.xes,  which  were  at  right  angles  to  one  l 

original  position  of  the  body,  and  continue  to  be  so  after  1  These 

are  the  axes  of  the  strain-ellipsoid  into  uhi.  h  an  Imaginary  -[•! 
the  body  would  be  transformed  by  the  strain. 

Shear. — If  a  body  be  so  distorted  that  one  plane  passing 
through  it  is  filed  while  others  move  past  this  at  rates  propor- 


p' 


II  distances  from  it; — if,  for  exam]  dr.  tin-  body  ABCD 
$  25)  be  so  distorted  th;<  nains  in  its  original  position, 

'    1  =  31 4159 ....  thr  ratio  of  the  eircuinfernncf  of  s  circle  to  its  diameter.    The 
area  of  a  circle  =  *78M  x  diar.'  =  3'1416  x  rad.*  =  xt*. 
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wtrfk  h.  liue  AB  travels  iuto  the  position  AB',  the  body  is 
being  sheared,  or  is  undergoing  the  kind  of  deformation  or  strain 
known  as  a  Shear. 

The.  greater  the  distance  of  an\  plisfl  in  the  body  from  the  plane  passing 

thnmgh  CD,  thfl  oreuterVill  be  iu  diiplftcement  frmn   its  original   position; 

and  a  body  so  sheared  we  may  conceive  as  made  up  of  an  indefinite  number 

of   indefinitely  thin   layers   which   relatively  move    by   slipping   over  one 

another.     A  shear  is  measured  by  the  amount  of  relative  motion  between 

two  imli  are  situated  at  a  unit  distance  from  one 

another,  and  which  remain  parallel.      In  Fig,  SB  At  amount  of  the  shear  of 

ABCD  ■  111-  ratio  of  the  dfaplai  ■  m  enj  A  A'  or  PP'  to  PC,  the  shortest  possible 

line  drawn  between  the  two  parallel  planes  AB  and  CD,  and  vertical  to  them 

PP' 
both  ;  that  is,  it  is  equal  to  —  =  tan  PCP'  if  PC  =  1,  or  to  PC  x  tan  PCF 

*  \j 

if  PC  have  any  other  Value. 

Circular  Motion. — If  a  body  move  in  a  circular  path,  as,  for  example, 
a  stone  whirled  in  a  &linj,r,  its  motion  at  every  instant  is  compounded  of  a 
tangential  motion  and  a  motion  towards  the  centre.  If  it  pass  the  point  A 
in  Fig.  B6  b  I  velocity  that  it  would  in  a 

unit  of  time,  if  not  drawn  towards  the  centre,  have  **M-  ^ 
reached  the.  point  C,  and  if  it  be  at  the  end  of  that 
interval  found  at  the  point  D,  it  is  evident  that  the 
acceleration  towards  the  centre  must  have  produced 
in  unit  of  time  the  change  of  po.-itioii  represented 
1  D  [ft  Otfot  WOldn  the  whirling  sling- 
iltly  being  drawn  in  from  the  tan- 
gential path,  whi<  h,  in  virtm-  of  its  inertia,  it  would 
at  every  infant  naturally  take  ;  and  a  planet,  in  it* 
orbit  is  constantly  falling  towards  thfl  sun,  bui  &  B 

not  proceed  ctiaight  towards  it,  for  the  resultant  of  its  tangential  and  its 
centripetal  motions  is  an  elliptical  path  which  ii  approximately  circular. 

If  t;  I  i)  be  prolonged  through  the  oentre  to  the  point  E,  Eucl. 

Ill  il  GD.OE  —  AO1.      If  v  represent  the  velocity  of  the  body 

in  AC,  v/  the  avenge  velocity  in  the  direction  CD,  and  r  the 
radius  of  the  circle,  we  thus  find  vt  (*2r4-»',)  =  P3;  or  2rvl  +  vt-  =  v2.  (i). 

If  the  unit  of  time  token  be  sufficiently  small,  the  square  of  the  small 
quantity  i\  will  be  bo  small  as  to  be  negligible,  and  the  above  equation 
will  become  2t'#r  =  v2.  (ii).     But  vt  is  the  aver.:  v  of  fall  from  the 

direction  AC  during  the  instant  in  question,  and  hence  the  velocity  at 
end  of  the  interval  is  2vt;  this  is  the  velocity  acquired  in  unit  of  time,  and 
hence  the  acceleration  towards  the  centre  is  a  =  2vt.  Hence  the  equation  (ii) 
may  be  written  ar— •*  or  a  =  v3/r;  the  Acceleration  towards  the  centre  of 
the  circular  path  in  which  a  body  is  moving  is  numerically  equal  to  the 
Square  of  its  Velocity  at  any  instant  divided  by  the  Radius  of  curvature.  If 
a  body  be  travelling  in  any  otlur  curve,  there  can  at  every  instant  be  found 
a  »■-  exence  of  which  coincides,  to  an   indefinite 

approximation,  with  the  cut  instant 

Curvature. — Any  curve  may  be  considered  as  made  up  of  successive 
•nenta,  each  of  which  approximately  coincides  with  a  part  of  the  circum- 
ference of  a  particular  "osculating"  circle,  which  may  always  be  found. 
For  each  element  of  the  curve,  the  radius  of  the  corresponding  osculating 
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circle — whose  circumference  coincides  with  that  element,  and  which  would 
have  the  same  tangent — is  called  the  instantaneous  radius  of  curvature  ; 
and  as  the  curve  passes  from  point  to  point  the  osculating  circle  may  be 

Ftg.rr. 


changed  in  respect  of  its  radius  or  its  centre.  Thus  in  an  ellipse,  near  the 
extremity  of  the  major  axis,  the  osculating  circle  of  curvature  is  smaller  than 
it  is  near  the  end  of  the  minor  axis,  as  is  shown  in  Fig.  27.     Accordingly, 


if  a  body  move  in  a  curved  path,  its  acceleration  at  every  instant  towards  the 
instantaneous  centre  of  curvature  is  numerically  equal  to  the  square  of  the 
instantaneous  tangential  velocity  divided  by  the  instantaneous  radius  of 
curvature,  p. 
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Bat  in  a  curve,  the  Curvature  is  the  an»le  through  which  th«?  tangent 
sweeps  round  j»er  unit  of  length  <>1  tht  COT&,  ;unl  thifl  varies  inversely  as  the 
radius,  as  may  be  seen  on  comparing  the.  riiulea  in  E%  28.  The  rudius  uf  I 
is  twice  thai  of  II  :  Kba  length  A  A'  ^  (_V  is  supposed  to  be  a  unit  of  length. 
In  I  the  tangent  AB  has  swept  round  into  the  position  A'B'  through  on 
angle  6:  the  tangent  CD  has  owepi  through  twice  as  great  an  angle,  the 
length  of  cimil.tr  path  tNWSLMd  being  the  Kiine:  wherefore  the  curvature 
(as  above  defii  circle  II  Lb  twice  that  of  the  circle  I,  and  that  of  any 

circle  is  inversely  as  the  radius  :  and  since  curvature  and  acceleration  towards 

instantaneous  centre  both  vary  inversely  as  the  radius,  they  ore  propor- 
tional to  one  another,  and  tl  be  acceleration  of  a  body  moving  in  a 
carved  path  is  directed  towards  the  instantaneous  centre  of  curvature,  and  is 
equal  to  the  product  of  the  square  of  the  instantaneous  velocity  into  the 

curvature.      a  =      ;  -  =  c;  .'.  a  =  v*c,  where  c  is  the  curvature.     Hence  a 
r 

comet  turning  sharply  round  the  sun,  the  curvature  of  its  path  being  very 

great,  has  a  very  great  a.  n  i 


Simple  Harmonic  Motion  and  Wave -Motion. 

Motion   in   a  circle   may  be  practically  effected  by  a  heavy 
ball  suspended  by  b  ffc3|d  Bel   bo  -wing  in  a  circular  path. 

A  pendulum  set  to  swing  in  this  way  goes  by  the  name  of  the 
"Coni i- ill  Pendulum."  It*  the  path  of  the  bob  of  the  so-called 
conical  pendulum  be  Looked  at  from  above,  it  appears  eircul 
if  looked  at  from  a  point  somewhat  to  one  side,  it  appears 
elliptical :  as  the  eye  approaches  the  level  of  the  plane  in  wliich 
the  bob  travels,  its  path  appears  to  be  an  ellipse  comparatively 
long  and  narrow ;  and  as  the  eye  is  placed  exactly  on  a  level 
with  that  pi  bob  appears  to  travel  backwards  and  forwards 

in  a  straight  line.  In  a  similar  way,  the  satellites  of  Jupiter, 
1  round  that  planet  pretty  nearly  in  the  plane  of  the 
:,*  and  therefore  astronomically  on  a  level  with  ourselves, 
to  travel  backwaida  and  forwards  in  Lines  nearly  straight. 
The  bob  of  the  conical  pendulum  and  the  satellites  of  Jupiter 
appear  to  move  very  slowly  at  the  end  of  their  apparently  linear 
courses.     Tins  is  because  the  moving  body  is  really  fcraYi 

towards  the  eye  of  the  observer  or  away  from  it  at  the  time 
when  it  appears  to  be  at  the  end  of  its  swing.  When  it  is  travel- 
ling right  across  the  field  of  view,  when  it  is  in  the  middle  of  its 
apparently  linear  patb,  it  seems   to  travel  rapidly.      Just  in   the 

•  Tbo  bodies  whh.h  make  up  the  solar  system  may  be  said  in  a  rough  way  to  bo 
situated  in  a  plane  fixed  in  space,  and  called  the  Ecliptic,  from  v.  lo  not 

very  widely  depart.     Objects  moving  in  their  respective  orbits  in   this  piano  may 
tppear  to  pass  and  obscure — i.*.  eel  ipso — one  another,  like  so  many  ships  at  sea. 
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same  way  a  railway  train  seems  to  lie  moving  very  much  faster 
when  it  runs  right  across  the  field  of  view  thai]  when  it  is  coming 
or  going  round  a  curve,  and  is  seen  not  broadside  hut  end-on. 

I!  we  represent  tin  bq|  m  wfaiofa  the  body  is  moving  by 
the  circle  QAlt,  and  its  apparent  linear  path  by  the  line  Ql\,  and 
if  we  represent  a  certain  number  of  positious  of  the  body  in  the 

circle  by  the  points  A.  \\,  < .',  ]), 
we  may  define  the  appar- 
ent motion  of  the  body  in  the 
straight  line  QB  by  finding  the. 
points  a,  h,  c,  etc.,  to  which  the 
respective  positions  of  the  body 
in  the  Circle  of  Reference 
correspond.  This  ifl  done  by 
drawing  lines  Au,  Ylh,  etc.,  at 
angles  to  the  line  QR. 
It  will  be  easily  seen  that  If 
QA,  AB,  BC,  Co,  etc.,  be  e 
to  one  another,  the  oozreepond- 

ing  lines  drawn  along  Qli  are  longer  near  the  centre  of  that  line 
than  near  its  ends;  aud  these  represent  the  spaces  apparently 
traversed  in  equal  intervals  of  time. 

A  representation  of  the  relative  values  of  these  lines  Qat  ah,  etc.,  is 
obtained  as  follows.  If  the  line  QR  be  taken  as  the  axis  of  X,  |  lino  OA, 
joining  the  centre  O  and  the  corresponding  position  A  of  tin-  j-.irn. le,  may  be 
■Mipposed  to  sweep  round  into  the  successive  positions  OB,  I  (••„     As  it 

does  so  it  forms  an  increasing  angle  with   the  line  OQ.     Then  the  length*  of 
the  lines  On,  Ob,  Oc,  etc.,  bear  to  one  another  the  ratios  of  the  iotinu  ■>.' 
angles  QOA,  QOB, 

These  angles  will,  if  the  corresponding  motion  i  of  reference 

be  uniform,  depend  directly  on  the  lima,  If  the  angle  t<wept  through  in  unit 
of  time  bfl  0.  that  igh  in  time  t  is  t6 :  hnce,  if  the   Waiting  point 

in  tune  l>e  that  instiint  -xt  whirh  tin-  body  is  at  tin-  point  Q.  tht  apparent 
distaix  H  of  1 1 » ■  -  bod|  Irom  tin  {"nit  ()  will  lie  proportional  to  cos  tS,  and,  if.i 
ha  the  radiUB,  will  Iks  equal  to  a  con  10,  SuMB  x  »  a  cos  t$.  When  tB  -  0, 
since  cos  0*  =  1,  x  =  a  :  when  tO  =  90*,  since  cos  90*  -  0,  x  -  0  :  wh«  n 
tO  -  180*,  since  cos  180*  -  -  1,  x  -  -  a  :  when  t6  -  270",  x  -  0  :  when 
t$  —  380*  —  2  r,  x  —  a.  As  the  radius  continues  to  sweep  round,  the  values 
of  x  repeat  themselves. 

Such  a  motion  as  that  apparently  executed  backwards  and 

forwards  along  the  line  QR  is  called  Simple  Harmonic  Motion 

8 MI  M       9ndb   motion  requires   to  be  studied  with  great  care, 

far  actual   instances  of  it   occur   throughout    the    phenomena   of 

Optics  and  Acoustics,  and  of  many  other  parts  of  physics. 
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The  length  OQ  or  OR  of  the  swing  from  the  mediau  position 
0  is  called  tin:  Amplitude,  a,  of  the  S.H.M.  Simple  Harmonic 
motion,  then,  is  motion  which  is  a  periodic  *  function  of  the  time 
<  ue.t  repeats  itself  at  regular  intervals),  which  is  effected  backwards 
and  forwards  along  a  line,  and  which  may  be  studied  by  com- 
parison with  uniform  motion  round  a  circle  of  reference,  of  which 
the  line  of  8  ELM.  is  the  diameter,  and  of  which  accordingly  the 
amplitude  of  S.H.M.  measures  the  radius. 

The  Period  of  a  S.H.M.  is  the  interval  of  time  which  elapses 
between  the  passage  of  the  moving  particle  over  a  certain  point 
and  the  next  passage  of  the  same  particle  over  the  same  point  in  the 
same  direction.  This  corresponds  to  the  time  during  which  one 
complete  revolution  would  be  effected  round  the  circle  of  reference. 

It  is  understood  that  when  the  moving  body  appears  to  travel 
from  left  to  right,  its  motion  is  positive ;  when  it  moves  from 

t  to  left  its  motion  is  in  the  negative  direction.  When  the 
particle  is  at  Q  in  Fig.  29,  it  is  said  to  be  in  its  position  of 
greatest  positive  elongation  :  when  at  R  it  is  in  its  position 
of  greatest  negative  elongation. 

At  any  instant  the  position  of  the  particle  executing  the 
L  Motion  may  be  stated  in  terms  of  the  Phase  of  the  S.H.M. 
at  that  instant, — the  Phase  being  the  interval  of  time,  the  fraction 
of  a  period,  which  has  elapsed  since  the  particle  last  passed 
through  O,  the  middle  point  of  its  course,  in  the  direction 
reckoned  as  positive. 

If  the  etur ting- point  in  time  be  not  the  instant  at  which  the  particle  was  at 
the  point  Q  in  the  circle  of  reference  (Fig.  29),  but  so  many  units  of  time  after 
that  instant  that  the  angle  traversed  is  not  tO  but  (td  +  c),  then  the  motion 
along  the  axis  of  X  is  x  =  a  cos  (tO  -f  <).     This  term  «  is  called  the  Epoch. 

Acceleration  in  S.H.M.  Proportional  to  Displacement. — 

In  Kg.  29  the  moving  particle  as  it  describes  its  circulur  path 
does  so  under  the  influence  of  an  acceleration  V2/r  towards  the 
centre.  Thi.-s  may  be  resolved,  when  the  particle  is  at  any  point 
A,  into  (cos  AOQ.V*/r)  parallel  to  QR,  and  (sin  AOQ.V2/r)  at  right 
angles  to  it  The  former  component  is  alone  effective  in  reference 
to  a  body  moving  in  S.H.M.  in  the  line  QR,  and,  being  always 
towards  the  centre,  it  is  alternately  iu  the  same  and  in  the  oppo- 

vary  when  y  varies,  as,  for  instance,  if  z  =  ay,  or  if  z2  =  y*  +  ay3  +  by  +  e,  or 
z  =  log  y,  or  if  in  any  other  way  whatsoever  the  value  of  x  depend  on  that  of  y,  z  is 
■aid  to  be  a  function  of  y;  and  if  x  recur  to  the  same  value  while  y  goes  on  uniformly 
ittCfsaing  or  diminishing,  z  is  said  to  he  a  periodic  function  of  y .  if  z  =  cos  y, 
or  m  tan  jr,  or  =  sin  y,  etc,  as  y  goes  on  increasing,  z  recurs  to  the  same  values,  for 
roa  y  =  cos  (2r  +  y)  =  cos  (4r  +  y)  =  cos  (6  r  +  y)  =  cos  (8r  +y),  etc. 
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site  direction  to  the  movement  of  the  body,  But  this  accelera- 
tion towards  tin*  centre  s  (cos  AOQ  .  V2/r)  =  (Oa/r)  .  (V2/>)  = 
Oa.  (V'/r8)  =  Oa  x  ;i  constant  number,  for  V  ami  r  are  constant. 
The  Acceleration  when  the  particle  is  at  a  in  its  S.H.M.  ifl   thus 

proportional  to  Oa,  the  Displacement  bom  O. 

Again,  the  constant  number  (V/H)  is  the  square  of  V7r=», 
tlie  angular  velocity  in  the  circle  of  reference.     Therefore 


_      /ac 
"  V  Hi 


•ration   at  any   point. 


displacement  at  that  point 

Isochronous  S.H.M/S. — .since  w  is  the  angular  velocity  (page 
74,  IMft),  and  since  the  time  taken  to  execute  one  complete  revolu- 
tion round  the  circle  of  reference  isr=  2  □  >7  &>,  the  ai 

ity  in  the  circle  of  reference,  be  constant,  the  time  t — that 
is,  the  period  of  the  S.H.M. — is  independent  of  the  amplitude  ;  for 
the  amplitude  does  not  enter  into  that  furuiulu  which  expresses 
the  value  of  t,  namely,  r  =  'IttJo).      I  lii  ■  criterion,  the  constancy 

aooalaration 

of   o),   is   satisfied   if   the    quotient   -r- — ; :  he   a   constant 

displacement 

number.      In  otlier  words,  if  the  acceleration  with  which  a  particle 
F1  M  tends    to    return    to    its 

a  ;ian    position    bear   a 

i  proportion  to  the 
displacement,  the  particle 
will  execute  a  S.H.M. 
whose  period  is  indepen- 
dent of  the  amplitude  of 
oscillation.  Thi<  proposi- 
tion is  one  of  high  im- 
portance in  the  theory  of 
the  Pendulum,  of  Kl 
bodies,  of  Sound,  Of  Heat, 
and  of  Li^ht. 

Projection  of  a  S.H.M. 
always     an     Apparent 

S.H.M.  -It  U  understood 
that  when  a  line  AT.  ■ 
looked  at  from  the  posi- 
tion c  in  fig;  50,  that 
line  appears  to  I 
assume  the  length  DE,  and  the  line  DK,  or  de,  at 
right  angles  to  cO,  is  called  a  Projection  of  AB.     There  may  be 
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as  many  projections  as  there  are  possible  directions  of  the  Hue  Oc. 
When  Qu  somewhere  in  the  line  O  t.  the  line  AB 

•  '■■!   ar  to  be  shortened,  and  the  projection  db  of  the  line 
itself;  when  the  of  nght  has 

become  ABe  .  the  projection  of  the  line  AB,  thus  seen  end-uii,  u 
a  point  merely. 

If  the   [  f   the  point   of  view   be    Intermediate  1>ct\vcen  these 

extremes,  a«,  for  eXOB  to  tbe  original  AB  as  the 

1   < '  to  the  figure  ia  to  unity. 

If  now  a  In  S.H.M.  on   the  line  AR,  the  diagram 

will  Bbow   that,  if  regarded   from  c,  it  will   appear  to  perform   ;i 

s.li..')  ponding  in  period  and  phase,  though  nol  in  ampli- 

in  the   line    DEj  or,  in  other  words,   the  projection   of  a 

SJi.M.  i  cent  S.H.M. 

Harmonic  Curve. — If  a  S.H.M.  in  one  line  be  compounded 
a  unit'-. mi  motion  in  ion  at  righl   angles  to  that  line, 

the  result.  i  may  be  found  by  the  following  oonstnn 

A  and  B  (Kg.  31)  he  the  points  ofgreateel  ton  of  the 

Flg.ll. 


portiil'-       Let  the  particle  he  also  made  at  the  same  time  to  travel 

uhj'  om  left  to  right     Draw  ACB,  the  circle  of  reference, 

iv)  sixteen  equidistant  points,  1>,  K,  F,  G,  etc.;  lines 
drawn  through  these  at  right  angles  to  the  line  AB  determine  the 
points  on  that  line  which  define  the  positions  of  the  particle,  so 
lar  as  these  positioQE  rmincd  by  the  S.H.M. ,  at  equal  inter- 

vals  of  fa  of  tlie  period.      These  lines   being  drawn   as   in    the 
figure,  i  nea   may   be   drawn   parallel   to   AB   and    cutting 

tbe  axis  <  >X   al  intervals,  each   of  which  represents  the 

amount  i»f  n  com  left  to  right  during   fa  of  the  period  of 

S.H.M.      The    |  examples  of  composition   of  simul- 

taneous motions  will  show  us  that  the  successive   positions  after 
success  i    riod  in  this  case)  will  be  found  by 

mat  DtS,  such   as   those   indicated   in   the  diagram,  the 

distanc  icb  along  the  axis  of  X  represent  the  di  ante 

due  to  the  Dniform  motion,  and  whose  distances  along  the  axis  of 
Y  itjpri  lisplacements  due  to  the  S.H.M.     1  f  these  points 

be  joiued  t:  to  a  very  characteristic,  curve,  the  Curve 

of  Sines,  or  the  Harmonic   Curve.     The  geonn  rty 
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of  tliis  curve  evidently  is  that,  of  any  point  in  it  the  Abscissa 
(along  X)  is  proportional  to  the  time,  while  the  Ordinates  (or  dis- 
tances from  the  axis  of  X)  are  proportional  to  the  sines  of  angles, 
which  are  themselves  proporLiun.il  to  the  time.  The  ordinates, 
therefore,  pass  through  positive  and  negative  values  alternate]}, 
while  the  abscissae  uniformly  alter  in  value.  There  may  be 
several  curves  of  sines,  differing  from  one  another  in  the  ampli- 
tude of  the  S.H.M.,  «.r  in   the   rapidity  of  the  uniform  motion   in 

diiection  of   tin;    axis    of  X.       I  illy,  if   the    amplitude   of 

the  S.H.M.  be  greater  or  less,  the  undulations  of  the  Harmonic 
Curve  will  be  deeper  or  shallower;  while,  if  the  motion  along  the 
axis  of  X  be  slower  or  quicker,  the  undulations  of  the  resultant 
curve  will  Ik?  closer  together  or  farther  apart. 

When  a  pendulum  is  set  to  swing,  its  oscillatory  motion  is 
visibly  quickest  at  the  middle  of  its  course  and  slackens  towards 
each  end  of  it ;  so  that  the  motion  of  a  pendulum  is  very  much 
like  S.H.M.,  and  hence,  if  a  pendulum  be  made  to  carry  sand  mil 
to  drop  it  as  it  travels,  it  will  deposit  a  trace  which  is  much 
thicker  at  each  end  of  its  course,  where  its  bob  is  moving  slowly, 
than  it  is  at  the  middle  where  its  course  is  rapid.  If  the  pendulum 
be  made  to  oscillate,  while  the  frame  which  supj>orts  it  is  at 
the  same  time  made  to  travel  in  a  direction  at  right  uncles  to 
the  plane  of  oscillation  of  the  bob,  or — what  amounts  to  the 

e  thing — if  the  surface  on  which  the  sand  is  received  be 
made  to  travel  under  the  oscillating  pendulum,  which  is  sus- 
pended from  a  fixed  support,  the  sand  is  deposited  in  a  cur\.- 
which  can  hardly  be  distinguished  from  the  Harmonic  Curve, 
I -lit  any  motion  which,  whin  compounded  witli  a  uniform  recti- 
linear motion,  produces  the  characteristic  Curve  of  Sines  must 
itself  be  a  S.H.M.,  und  hence  the  motion  of  the  pendulum, 
projected  on  the  plane  which  receives  the  sand,  is  approximately 
.1  s.H.M. 

That  the  trace  left  I  l>n£  osnd  docs   not  with   perfect  exactitude 

DM  i*le  with  any  harmonic  curve  i*  dm  to  the  fuct  that  though  the  m<>,; 
<>f  tin-  Uob  in  it*  curved  path  is  nearly  S.H.M.,  the  necessary  diverge; 
between  that  curved  path  and  the  flat  plane  on  which  the  sand  is  deposited 
expresses  itself  as  a  flight  distortion  of  the  resultant  trace.  If  the  arc  of 
oscillation  be  small,  this  distortion  is  so  very  small  that  most  of  the  proper- 
ties of  Simple  Harmonic  Motion  can  be  practically  doDOUtlStad  by  the  u*e 
of  pendulums  which  record  their  own  movement  in  some  such  way  as  that 
mentioned. 

The  trace  left  by  such  a  moving  body  does  not  present,  m 
the  parts  corresponding  to  the  greatest  positive  or  negative  elonga- 
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tion,  so  steep  an  ascent  or  descent  as  it  does  when  it  crosses  the 
axis  CX  (Fig.  31) ;  this  indicates  that  the  Ixwly  moving  in  S.H.M. 
is  moving  more  rapidly  at  the  centre  of  its  course  than  at  its  ends. 
Composition  of  Simple  Harmonic  Motions. — If  the  same 
body  be  subjected  to  two  different  S.H.M.'s,  the  problem  of  their 
composition  may  in  general  be  solved  with  great  ease  by  the  use 
of  the  respective  circles  of  reference  (1.)  Let  tin;  two  motions 
be  equal  and  in  the  same  direction :  the  resultant  will  be  a 
S.H.M.  of  double  amplitude.  (2.)  Lot  the  two  motions  be  equal 
and  in  the  same  line,  but  differing  from  one  another  in  phase  by 
half  a  period,  the  resultant  will  be  Rest  (3.)  Let  the  two 
S.H.M.'s  be  equal,  at  right  angles  to  one  another  (AB  and  CI>. 
Fig.  32),  and  in  the  same  phase,  so  that  when  the  moving  particle 
is  at  O  it  is  moving  in  a  posi-  p^jt. 

live  direction  with  reference  to 
both  axes :  its  real  course  will 
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be  in  a  line  PP*,  making  an 
angle  of  45°  with  both  AB  and 
M.)  If  it  be  half  a  period 
behind  in  one  of  the  S.H.M.'s,  so 
as  to  be  moving  in  the-f  direc-  c\ 
tion  (from  O  to  D)  with  refer- 
ence to  one  axis,  and  negatively 
(from  O  to  B)with  reference  to 
the  other,  the  resultant  will  be 
M.  in  the  line  Q'Q.  (5.) 
If  the  one  S.H.M.  be  a  quarter 
period  behind  the  other,  so  that  while  the  moving  particle  is  at 
the  middle  of  (one,  say)  its  vertical  oscillation,  it  is  only  just 
leaving  fchfl  point  of  greatest  negative  elongation,  in  reepec 
the  other — its  horizontal  oseillation — its  motion  will  be  com- 
leil  of  one  forwards,  from  0  towards  0,  and  one  upwards, 
past  O  towards  A;  the  result  will  be  that  the  motion  of  the 
body  will  be  restricted  to  the  circumference  of  the  circle  DBC, 
and  the  body  will  move  round  that  circle  in  the  direction  CA. 
Similarly  (6)j  if  the  horizontal  movement  be  in  advance  of  the 
quarter  period,  so  as  to  be  already  bringing  the  body 
back  from  its  position  of  greatest  positive  elongation  while  it  is 
still  moving  vertically  upwards  past  0  towards  A,  the  body  vill 
travel  in  the  circle  DAG  in  the  direction  DA.  Hence  we  hove 
the  very  important  proposition  that  motion  in  a  circular  path  may 


be  considered  to  be  made  up  of  two  S.H.M.'s,  the  one  a  quarter 
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of  a  period  in  a<h  or  behind  the   "t  1m  t,  according  to   the 

direction  in  which  the.  body  travels  in  tin  cdrela, 

Though  the  OOniea]    pendulum  shows  this  when  its  motion  is 
watched,  perhaps  the  simple  piece  lisiu  drawn  in  Fig.  33 

liMY  mflikfl  it  even  p*fi™ff  Tin-  circular 
plate  AGB  lias  a  pin  D  set  iu  it.  Thn 
pin  works  in  a  slidi:  vitliin  a  slot 

in  the  frame  BR  "11  h-  frame  KV  i>  con- 
Fig. a.  nected  with  two  si  idling  bars,  which  run 
between  the  guides  G,  so  that  lateral 
motion  is  impoariblft.  Let  the  circular 
plate  M  B  be  FOUted  imiforinly :  the 
i no  EF  will  be  moved  upwards  and 
downwards  alternately,  while  the  pin  I) 

will  move  m  tit'-  dot  bom  right  to  left 
bo  right  alternately,     it 

Jb  will  easily  be  BOOH  00  making  a  model. 
or  on  imagining  the  diagram  to  act,  that 
the  oscillations  ..l  D  in  its  slot,  and  those 

which  it  produces  alternating  r'r. 
rocal ")  motion  Of  EF,  do  not  agree  in 

te,  but  differ  by  a  quarter  of  a  period, 
the  one  being  at   the   middle  when   the 

i  is  at  the  end  of  its  course. 

The  circular  motion  of  the  pin  I)  is, 

therefore,  compounded  of  two  s.hm.'s, 

of  whir  h  one  is  easily  conveyed  to  the 
frame  KF,  while  the  other  cannot,  because 
of  the  arrangement  of  ti,  1 1,  be  so 

conveyed  The  apparent  conversion  of  the  oironJax  motion  of 
the  disc  AGB  Into  the  reciprocal  motion  of  the  sliding-bars  is  in 
reality,  then,  due  to  the  suppression  of  OHO  of  its  simple  harmonic 
components;  and  the  motion  of  the  si  Ming-bars  is  exactly  S.H.M. 
if  D  rotate  uniformly. 

Circular  transformed  into  Reciprocating  Motion. — In  accord- 
ance with  thi?  principle,  mechanism  intended  to  transform  rotatory  into  recipro- 
cating motion  is  in  r>  uhtv  m>-rh  un-iii  virion,  with  more  or  less  completeness, 
•oppresses  one  of  the  RH.M.  s  of  each  particle  of  a  rotating  body.  The  most 
usual  device  is  that  of  a  crank  ;  this  may  be  seen  in  DM  fan  <>r  another  in 
almost  |ft  of  machinery  worked  by  ateaui-power.      la  !  the 

wheel  A  is  rotated  almost  ui.  .ml  the  crank  B  is  turned  round  along 

with  it  ;  attached  to  the  crank  B  by  a  joint  at  0  i»  the  rod  D,  which  is,  in 
its  turn,  attached  by  the  joint  E  to  the  n«l  F  ;  tbii  nins  betwt  Jes 
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1 1  ere  the  motion  of  the  bar  F  between  the  guides  i«  only  approximately 
Simple  Harmonic,  but  approximates  iiimv  Ittd  BON   n.-arly  to  th.it  ooi 

DgU  the  bar  D  and  the  shorter  the  crank  B,  or,  in  other  words,  the 


leas  F  at.  hn  diverge  from  a  straight  Una.     The  rod  F  may  be  made 

handle,  a  saw,  or  any  such  contrivance  whose  use  requires 
!  icatiug  in 

Oon version  of  Reciprocating  into  Circular  Motion. — If  in 
figure  34  the  rod  F  be  supposed  to  be  pushed  towardfl  the  crank  13,  then  D 
« ill  be  poshed  over  towards  (',  and  the  wheel  will  turn  until  E,  0,  and  C  are 
in  th«:-  ■  • .     No  further  poshing  irflJ  make  the  wheel  A  turn 

any  fart'  >  r  will  pulling,  when  the  crank  is  in  this  position,  have  any 

euV'  same  figure  the  rod  F  be  pulled  instead  of  pushed,  the 

points  E,  C,  and  0  will  coma  to  be  in  the  same  straight  Km  ;  tad  in  this 
pajtinn,  again,  neither  polli]  lahingwiH  bare  bbj  eflad  in  making 

the  wheel  turn.  There  are  therefore  two  positions  or  dead  points  in 
which  a  ;  mot  by  means  of  a  crank  set  a  wheel  in  motion.      If,  how- 

ever, the  wheel  A  be  heavy,  or,  better  still,  if  it  be  connected  with  a  heavy  fly- 
wheel, when  it  arrives  at  the  dead  points  its  Inertia,  or  that  of  the  flywheel, 
manifests  itself  by  the  wheel  A  rotating  past  these  unfavourable  positions 
inti  in.'  reciprocal  movement  of  F  can  act  effectively  ;  the 

wheel  A  is  thus  set  in  continuous  motion.  An  example  of  this  is  furnished 
by  the  treadle  and  flywheel  of  a  lathe  or  of  a  sewing-machine. 

In  the  marine-engine,  since  there  can  he  no  flywheel  on  board  ship,  some 
other  contrivaive  Li  necessary.  Two  cylinders,  and  therefore  two  reciprocat- 
ing pistons,  both  acting  on  the  same  wheclwork,  arc  so  arranged  that  when 
the  one  crank  is  at  its  dead  pointH  the  other  is  at  the  middle  of  its  course, 
and  therefore  at  its  position  of  greatest  advantage. 

Composition  of  Simple  Harmonic  Motions  (resumed). — 
Let  by  some  oLher  fraction  of  a  period 

than  the  half  or  the  quarter,  as,  for  instance,  the  twelfth :  if 
they  be  equal  in  amplitude  they  both  have  the  same  or  equal 
cir«  Lei  the  circumference  of  these  be  divided 

into  twenty-four  equal  parts,  as  in  Fig.  35,  in  which  only  a  part  of 
each  circle  of  reference  is  shown.  Let  chords  be  drawn  dividing 
the  arcs  AB  and  CD  in  the  points  F,  G,  etc. 

If,  now,  the  particle  be  at  the  middle  of  its  course  with  refer- 
ence to  tii  9JBLM  along  the  axis  BA,  and  if  it  be  at  the  same 
time  -jlj  of  a  period  behind  (so  as  not  yet  to  have  arrived  at  the 
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A  point)  in  its  execution  of  the  S.H.M.  referred  to  the  axis 
CD,  the  point  at  which   it  must  lie  situated   in  order  to  satisfy 
both   these  conditions   must  be   N,   G.     When   -j^   period 
elapsed,  it  will  have  advanced  to  the  middle  of  its  horizontal 
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course,  hut  will  have  moved  vertically  as  far  as  the  point  M,  H; 
at  the  end  of  another  -j^  it  will  be  at  the  point  L,  J,  then  at 
A,  K  |  then  it  still  advances  horizontally  to  the  limit  of  its  course, 
hut  returns  along  AB  to  L,  thus  reaching  the  point  I,,  D ;  then 
it  returns  to  M,  K,  and  so  on,  and  in  this  way  it  describes  an 
ellipse.  When  the  difference  of  phase  is  less,  the  point  CI  is 
nearer  to  0,  and  the  ellipse  is  narrower ;  when  there  is  no  differ- 
ence of  phase,  the  points  G  and  0  coincide,  and  this  ellipse  is  a 
straight  line,  as  has  been  already  learned  (Fig.  32).  When,  on 
the  other  hand,  the  difference  of  phase  is  greater,  the  point  (1  is 
farther  from  O,  and  the  ellipse  widens  out  until,  when  the  differ- 
ence of  phase  is  ^  period,  the  point  G  coincides  with  ( ',  and  the 
••11  ipse  is  a  perfe* i 

Whi'ii  the  amplitudes  are  not  equal,  the   eireh-s  of  reference 
will  not  be  equal.      If  the  two  S.I  I  \p.  and  GDj  the  corre- 

sponding construction  is  shown  in  Fig.  36.  If  they  be  in  the  same 
phase,  the  resultant  is  S.H.M.  in  the  line  R'OR;  if  they  differ  in 
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phase  by  half  a  period,  the  resultant  is  S.H.M.  in  the  line  QOQ'; 
if  the  difference  of  phase  be  £  period,  the  path  is  the  ellipse 
ABCD,  traversed  in  the  direction  BC  if  the  S.H.M.  in  AB  be  £ 
period  in  advance,  and  in  the  direction  BD  if  it  be  ^  period  in 


arrear.  If  the  difference  of  phase  be  any  other  fraction  of  a 
period,  the  resultant  will  be  motion  in  some  other  ellipse  con- 
tained within  the  same  bounding  rectangle  QRQ'R'.  The 
construction  is  the  same  as  that  of  Fig.  35. 

Composition  of  S.H.M.'s  of  different  period. — The  same 
method  with  little  modification  may  be  here  employed.  The 
respective  circles  of  reference  are  drawn  and  are  divided  into 
arcs  corresponding  to  equal  intervals  of  time.  The 
lines  representing  the  S.H.M.'s  are  divided  in  accordance  with  the 
now  well-known  construction  and  the  positions  of  the  body  traced 
out  accordingly. 

In  Fig.  37  the  periods  are  as  two  to  three,  the  period  of  the 
vertical  S.H.M.  being  the  shorter :  the  ranges  of  oscillation  are 
represented  by  the  lengths  of  AB,  CD  respectively.  The  respect- 
ive circles  of  reference  are  drawn :  they  are  equably  divided  into 
arcs  corresponding  to  intervals  of  time  arbitrarily  chosen,  say  the 
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sixteenth  part  of  the  period  of  the  more  rapid  oscillation  in  Al'. 
this  being  tin-  A  erf  tin-  ]>eriod  of  the  slower  oscillation  iu  CD. 
The  arcs  AB  and  GD  having  been  thus  divided  into  segments 
corresj Min« liny;  to  equal  intervals  of  time,  the  iimi.i1  eoustruction 
enables  us  to  trace  out,  point  by  point,  the  path  of  the  body, 

rif.37. 


A 


\ 


\ 


/ 


/ 


/ 


which — if  wo  assume  the  body  to  be  in  the  position  of  greatest 

live  elongation  with    nspeot  to  both    S.H  '  inltaneouslv, 

and  therefore  to  touch  the  point  I  being  there  no  difler- 

e  of  phase — we  find  to  be  a  looped  c<  which  the  body 

travels  backwards  and  forwards  without  quitting  it 

Iu  Fig.  38  the  period  of  the   SUM   m  (']>  is  \  of  that  in 
AL       |  ;  ruction  is  essentially  the  8UB&      The  ares  cut  off 

on  tie-  eiivl.-  \\\  must  subtend  angles  at  th«  £  of  those 

similarly  subtended  by  the  arcs  on  CI).  Hence  the  circle  AB 
has  been  divided  into  arcs,  each  of  which  represents  one-twentieth 
of  the  cir.umfVrence,  while  thf  « -irele  CD  has  been  divided  into 
16.  These  curves  may  assume  a  variety  of  forma  depending  on 
variations  in  the  relative  lengths  of  AB  ;md  of  CD 

Composition    of    S.H.M.'s    differing    in    Phase. —  If    the 

two   S.H.M.'s   differ   in  phase,  and   if  those  chosen  as  illustra- 

ds  be,  for   convenience   of  reference,   the  same    as   those   of 
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figures  37  and  38,  the  same  circles  may  be  drawn  and  divided 
in  the  same  way.  If  the  difference  of  phase  between  the  two 
S.H.M.'s  correspond  to  such  a  fraction  of  the  period  of  the 
more  rapid  oscillation  as  may  be  represented  by  the  arc  CE 
(whether  this  be  an  aliquot  part  of  the  circumference  or  not), 


Fig.38. 


the  body  cannot  be  at  the  extremity  of  both  its  S.H.M.'s  at  one 
time,  and  when  it  is  opposite  the  point  B  it  will  simultaneously 
be  opposite  not  the  point  C  but  the  point  E.  Figs.  39  and  40 
indicate  the  modifications  undergone  by  the  resultant  curve  of 
Figs.  37  and  38  in  consequence  of  this  difference  of  phase. 

These  resultant  curves  vary  considerably  in  form,  according 
to  the  amount  of  difference  of  phase  of  the  component  S.H.M/s. 
Fig.  41  shows,  for  example,  a  series  of  modifications  of  the  curve 
of  the  ratio  1,  2,  in  which  the  more  rapid  oscillation  is  in  advance 
by  periods  which  successively  differ  from  one  another  by  one- 
quarter  of  the  period  of  the  more  rapid  oscillation. 

A  S.H.M.  in  a  third  dimension  may  be  compounded  with  two  in  a  plane. 

Composition  of  non-commensurable  S.H.M.'s. — The  periods 
in  all  the  cases  already  considered  have  been  commensurable, 
i.c,  they  have  borne  to  one  another  ratios  expressible  in  whole 
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numbers,  and  consequently,  after  a  certain  number  of  oscillations, 
the  moving  body  has  returned  to  the  starting-point,  and  the  path 
has  been  a  closed  curve  which  the  body  has  traversed  repeatedly. 


1 
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If,  however,  the  periods  be  not  commensurable,  the  body  cannot 
return  to  the  starting-point  after  any  definite  number  of  oscilla- 
tions, and  the  path  never  becomes  a  closed  curve. 
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Composition  of  S.H.M.'s  whose  periods  approximate  to  an 
aliquot  ratio. — If  the  periods  of  the  two  component  S.H.M.'s  be, 
for  example,  very  nearly  as  one  to  two,  but  not  exactly  so,  the 


resultant  curve  may  be,  at  a  given  moment,  practically  the  same 
as  that  of  (a)  in  Fig.  41.  The  moving  body  cannot,  however, 
continue  to  maintain  this  parabolic  path,  for  the  want  of  exact 
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aliquot  proportion  of  the  two  periods  causes  one  of  tin*  two 
s.II.M.'a  to  pass  in  advance  of  the  other,  which,  as  it  were,  lags 
behind,  and  thus  it  establishes  an   iin  difference  of  phase. 

When  this  accumulated  difference  of  phase  amounts  to  ^  the 
period  of  the  more  rapid  '-illation,  the  path  described  is 
approximately  that  of  (ft)  in  Kg.  41.  Jn  this  way.  by  continuous 
modification,  the  curve  passes  successively  through  all  the  forms 
shown  in  Fig,  41. 

Jf  the  respective  periods  be  as  10  :  21,  their  ratio  is  approximately  1  :  t, 

\u<tly  HO  ;   when   the  slower  S.H.M.  Ii;i-    been   effected  5  timet,  the 

'juii  ker  liits  I  •  I  not  10  hut   10*.  tine  >.  ijuently  the  ipticker 

■  >n  is  a  |  period  in  :i<iv.ui«.-,  and  the  form  (if  the  j>ath  has  been  modified 
from   nearly  that  of  (a)  to   marly  I  hut  of  (c)  in  Pig,  41.      WhftO    the   slower 

••vH.M.  kn  been  pcefooMtl  10  tnnoSj  the  form  •!  the  path  «>f  the  body  has 

'ii'    .ipjiroxiinafrlv  n  in  that  tiguit-  ;  ami  when  20  of  the  llowei  S.H.M.'b 
I  been  eHV  ant  in  tlie  HBC  time  42  of  the  more  r 

the  ]  '  M  fof  Bfl  in.staiit  il.s  Original  furm  (a). 

If  the  periods  were  as  1000  :  8001,  in  the  same  way  it  will  be  seen  that 
l«th  regains  iU  original  form,  but  hot   until   2000  of  the  more  tloi 

performed  S.H.M.'b  have  been  executed. 

Hence  th.  lea  t&e  Droportionate  divergence  faun  the  simple 

aliquot  ratio  to  which  the  actual  ratio  approximates,  the  greater 
th'-  number  of  oscillations  that  must  be  performed,  and  hence  the 
longer  the  time  thai  must  elapse  befoie  the  original  form  of  the 
path  recurs,  as  it  will  do,  approximately  if  the  periods  be  non- 
commensurable,  perfectly  if  they  ho  rommen 

Resolution  of  S.H.M.  into  two  rectangular  components. — 
We    have   seen   that   two  S.H.M.'s  at  right  angles  to  one  another. 
and  having  the  same  period  and  phase,  may  be  OOmpOQ&ded  into 
Fif.42.  a  single  SUM   by  a  con-i 

tion  precisely  the  same  as  that 
of  the  rectangular  parallel*  •- 
gnon  of  velocities.  Conversely, 
just  as  a  velocity  may  bfl 
solved  into  two  component 
velocities  in  any  two  direct 
at  right  angles  to  one  another, 
B  so  may  any  SUM.  be  resolved 
int..  two  S.II.M.'a  in  any  fcWC  directions  at  right  angles  to  one 
another.  If  in  Fig.  42  the  S.H.M.  be  in  AB,  it  may  be  resolved 
into  two  in  z^c  and  yty  respectively. 

Any  number  of  S.H.M.'s   in   an  i   may  be   rwolvr.l 

component!  in  three  rectangular  axei,  and  theae  may  then  be  compounded 
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Composition  of  any  S.H.M.  with  a  uniform  movement  in  any 
direction. — If  we  wish  to  compound  a  S.H.M.,  which  is  effected  in  a  line 
neither  parallel  nor  at  right  angles  to  the  axis  Ox,  with  a  uniform  motion  in 
the  direction  Ox,  we  must  first  break  the  S.H.M.  up  into  its  components  in 
the  respective  directions  Ox  and  yyt.  We  may  then  compound  the  com- 
ponent S.H.M.  in  the  direction  yyt  with  the  uniform  movement  in  the  axis  of 
X,  thus  producing  (as  was  done  in  Fig.  31)  the  Harmonic  Curve  or  Curve  of 
Sines,  indicated  by  a  dotted  line  in  Fig.  43.     We  may  then  from  point  to 

Flff.43. 
.-•^••'"••v  ■•"^"r"''\  .•"\X."S 

point  compound  this  harmonic  curve  with  the  component  S.H.M.  in  xx  by 
determining  point  after  point  in  advance  of  or  behind  the  dotted  harmonic 
curve  to  an  extent  corresponding  to  the  displacement  produced  by  that  com- 
ponent. The  resultant  path,  indicated  by  the  thick  dotted  line,  is  com- 
pounded, then,  of  a  uniform  motion  in  the  axis  of  X,  a  S.H.M.  in  the  same 
axis,  and  another  S.H.M.  of  the  same  period  and  phase  in  a  line  at  right 
angles  to  that  axis.  The  form  of  the  resultant  curve  varies  according  to 
the  speed  of  that  uniform  motion  which  is  compounded  with  the  oblique 
S.HJt 

Composition  of  two  S.H.MVs  in  the  same  plane. — If  two 
S.H.M.'s  in  the  same  line  be  compounded,  the  resultant  motion 
will  also  be  in  the  same  line,  and  it  is  best  studied  by  reference 
to  the  harmonic  curve.  Let  two  S.H.M.'s,  which  have  the  same 
periods  and  phases,  and  which  are  in  the  same  straight  line  AB, 
have  the  amplitudes  AB  and  CD,  and  let  a  corresponding  Har- 

/\  Fiff.44.  .-»"v 

f*\         jT\  f*\ 

■^f      w      w      V 

\S  \y  \y  \ 


— -f\  Am- 


nionic Curve  be  traced  for  each.  Then  the  corresponding  curve 
produced  by  the  superposition  of  these  two  motions  may  be  traced 
from  point  to  point  by  adding  the  displacements  separately 
indicated  by  the  harmonic  curves.  This  resultant  is  found  to 
be  a  Harmonic  Curve,  and  on  careful  drawing  to  scale  it  may 
be  shown  absolutely  to  coincide  with  the  Curve  of  Sines  derived 
from  a  S.H.M.  in  a  line  whose  direction  is  the  same  as  that  of 
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AB,  and  whose  amplitude  is  equal  to  the  sum  of  AT5  rod  I 
On  the  other  hand,  when  these  two  S.H.M.'s  are  in  opposite  phases, 
differing  by  half  a  period,  so  that  while  one  raises  the  body  above 
tlii!  point  0,  the  Other  depresses  it  below  tlmt  point,  the  resultant 
curve  19  also  found  to  be  a  Harmonic  Curve  corresponding  to  a 
S.H.M.  whose  amplitude  is  equal  to  the  difference  between  the 
amplitudes  of  the  two  components.  Hence  two  S.H.M.'s  of  the 
same  period  and  in  the  same  straight  line  will,  when  compounded, 
produce  a  single  S.H.M.  of  the  same  period  and  in  the  same 
line,  whose  amplitude  is  the  sum  of  the  amplitudes  of  the  com- 
ponents if  they  agree  in  phase,  aud  their  difference  if  their  phases 
be  opposed.  Manifestly,  if  the  two  component  S.H.M's  be  equal 
to  one  another,  the  resultant  will  be  in  amplitude,  double  of  either 
of  them  if  they  agree  in  phase,  and  will  be  zero — that  is,  the  body 
will  be  at  rest — if  they  be  opposed  in  phase,  the  corresponding 
harmonic  curve  being  in  this  latter  case  reduced  to  a  straight 
line. 

If  the  phases  be  neither  in  exact  accord  nor  in  exact  opposition,  the 
resultant  curve  U  still  Harmonic,  but  the  amplitude  h  louu-l  by  ■  construc- 
tion the  same  as  that  of  the  parallelogram  of  velocities  :  lines  representing 
the  two  component  amplitudes  are  laid  down  at  an  angle  representing  the 
iliHercncc  of  phase,  and  the  diagonal  thus  found  represents,  in  length,  tfkfl 
amplitude  sought 

It  the  two  S.H.M.'s  have  different  Periods,  the  result  is 
more  complex.  Let  the  periods  of  the  S.H.M.'s  bear  the  ratio 
3:8.  Then  the  Harmonic  Cur-  QOmsponding  to  the  more 
id  SUM.  will  present  eight  undulations  for  every  three  of  the 
less  rapid  ones.  These  are  drawn  in  Fig.  45  (I).  On  adding  the 
displacements  represented  by  these  curves,  the  resultant  may  be 
traced    from   point  to  point,  and  is  found  to  form  a  comparatively 

]»lex  curve.  Obviously  there  may  be  an  indefinite  number  of 
forms  of  this  resulting  curve,  for  the  ratio  of  the  amplitudes  may 
vary  indefinitely. 

In  Fig.  45  the  curves  show  the  eh;n  _■  produced  in  a  com- 
pound harmonic  curve  by  a  difference  of  phase  in  the  component 
9  11  M.s.  The  curve  (1)  is  that  corresponding  to  the  composition 
of  two  S.H.M .'■  whose  periods  are  as  3  :  8,  whose  amplitudes  are 
aa  there  shown,  and  whose  phases  at  the  point  A  coincide.  In 
the  next,  the  more  rapid  S.H.M.  is  seen  to  be,  in  respect  ot 
phase,  in  arrear  by  an  interval  of  time  represented  by  the  length 
of  the  line  AB,  and  the  superposition  of  the  two  curves  now 
produces  a  resultant  slightly  differing  from  its  predecessor,  but, 
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on  the  whole,  similar  to  it.     A  similar  construction  produces  the 
succeeding  curves,  in  which  the  difference  of  phase  corresponds  to 


Fig.U. 
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the  respective  intervals  AC,  AD,  etc.     It  will  be  plain  that  if 
the  differences  of  phase  be  intermediate  between  those  chosen  in 

H 
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the  figure,  there  may  be  drawn  any  number  of  resultant  curves 
intermediate  in  form  between  those  shown.  The  time  taken  by 
the  moving  body  to  go  once  through  its  periodic  movement,  or, 
in  other  words,  the  period  of  the  resultant  complex  harmonic 
motion  is  unaltered  by  variations  in  the  amplitude  anil  phase 
of  the  component  S.H.M.'s,  and  depends  only  on  their  relative 
periods. 

If  in  Fig.  45  the  difference  of  phase  were  not  constant  but 
continuously  increased,  the  cuive   would  -vely  assume  all 

the  forms  there  shown,  and  it  would  naturally  pass  through  all 
the  possible  intermediate  forms,  returning  at  intervals  to  the 
form  (I). 

Beats. — If  two  harmonic  curves  be  compounded,  of  which 
one  corresponds  to  a  more  rapid  vibration  than  the  other,  the 
periods  being  appro  \  1,  the  resultant  curve  will  be  one 

which  at  any  one  spot  approximates  in  form  to  the  curve  of  sinc>. 
but  alternately  waxes  and  wanes  in  amplitude.     If  the  respect 
periods  be  as  2000:2001,  the  quicker  oscillation'  gains   2o*o0 
period  on  the  slower  at  each  complete  B.W.  movement,  and  at  the 
Qnd   of  1000  of  the  slower  S.H.M.'s  the  quicker  is  in  oompleta 
disaccord  with  the  slower ;  then,  if  the  two  amplitudes  of  the  oscilla- 
tions be  equal,  the  particle  affected  is  at  rest;  thereafter  the  quicker 
oscillation  comes  more  and  more  completely  into  renewed  accord 
with  the  slower,  and  at  the  end  of  2000  of  the  slower  oscillati 
or  2001  of  the  more  rapid,  the  amplitude  of  the  compound  vii 
tion  is  equal  to  the  sum  of  those  of  the  components.     This  is  the 
cause  of  beats  in  music.     If  the  periods  approximate  to  any  other 
whole-number  ratio  than   that  of  equality,  similar   phenomena 
occur ;  at  any  one  instant  the  curve  resembles  the  corresponding 
compound  harmonic  cur  at ely  waxes  and  wanes  ;  the 

deficiency  of  amplitude  occurring  once  for  each  complete  oscillation 
gained  by  the  more  rapidly  vibrating  body.  Thus  oscillations 
whose  frequencies  are  500  and  7  ~» 1  per  second  give  one  beat  or 
period  of  relatively  small  amplitude  during  each  751  of  the  DOH 
rapid  vibrations — that  is.  for  every  occasion  on  which  it  gains  one 
oscillation  on  that  number,  750,  winch  would  make  the  rat:> 
frequencies  exactly  the  ratio  2  :  8.  If  the  oscillations  had  I  teen 
IQ  and   750£  per  second,  there  would  have  been  a  beat  every 

[\\u    srcnli.l-. 

If  the  periods  of  the  S.ILM/s  be  non-commensurable,  the 

resultant  ci  :  mates   in   form    to   that  of  the   nearest 

uninsurable    ratio,   and    successively  assumes   forms    nearly 
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resembling  those  sasumed  by  that  curve  when  the  deference  l>e- 
tween  the  phases  of  its  components  gradually  changes. 

.rcasc  of  the  composition  of  harmonic  a  may  take 

the  problem,  which  i-  ..f  importance  In  the  Theory  of  Light.     A 

particle  is  acted  upon  by  two  Bimultaneous  circular  vibrations.     These,  Ban- 
in  Hj.po-  Fie  40. 

direction*,  as  in    I 
Let  them  be  identical 
in  I'tri'Hl  and  in  amplitude. 
"'«  resolved  Into 
components  at  1 1 

tflier,  v. lii'  !i 

respectively  in  the  lines  AB  c| — ' hx 

&H.M.'* 
in  AB  coincide  in 

<     in    CD   differ 

phew  bj  bslf  s  period. 

uch  a  caw  the  | 

■■  i  i     i      cablet  ' 

i-r,  aa  an  obj  In  a  piano 

iel  to  Ali ;  end  the  s.  h.m.V  in  CD  will  neuti-.iiiM-  one  anotiMr,  while 
tboae  in  AB  will  reinforce  one  another  ;  so  that  the  result  will  be  a  S.H.M. 
;  double  amplitude. 
the  component**  in   CD  do  Liffex   ix    phase  by  half  a 

ietry  do  n  Fig.ti. 

to  the 
aid  the  re- 
tion  cannot  be  a 
tmit  plane.      If 
118     Ixz 

1  cal     in    period    and 
itude,  there   must  be 
jdune   in  reej 
which  the  circular  I 
are   symmetrical,  as  in  Fig.    47  :   the   resultant  motion  bein^  a  S.H.M.  el 
I  parallel  to  th.  ind  of  double  amplitude. 

If  tlte  two  circular  motions  differ  in  period,  they  will  continuously  differ 
in  relatiw  phase,  end  tin-  resultant  will  be  i  s.ii.m.  of  double  amplitude 
effected  in  a  plain*  whi.  h   i-  constantly  changing      t  plane  at  right  an 

ir9and  rotating  round  0,  tin*  point  of  reel  in  Figs.  46  and  i~. 
Bet  a  S.H.M.  can  ul i  ai  compounded  of  two  circular 

id  if  one  of  these  be  retarded  or  accelerated,  vrhetl 
athmouily,  tne  of  the  S.H.M.  will  be  rotated,  sullenly  m 

»uriy. 

Composition  of  several  S.H.M.'s  in  the  same  Plane. — This 

maybe  geometrically  effected   by  the  same  method  as  that  em- 

I   in   the  construction   ul*  the  cu  Fig.    i">,  viz.,  by 

«Ira«i  irately  the  Harmonic  Curves  corresponding  to  each 
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S.H.M.,  and  adding   from    point  to  point  all  the  respective  dis- 

plAoementa  indicated  by  each  ><i 

B  curves.  Fig.  48  shows  the 
harmonic  curves  corresponding  to 
five  S.  H.M.'s,  each  of  whi.  ; 
drawn  so  as  hi  represent  its  proper 
phase,  period,  and  amplitude,  rela- 
tively to  tlie  others.   The  resultant 

ire  is  periodic — that  is,  the 
complex  form  is  I  at  Ngn* 

In  intervals — if  the  periods  of  the 
component  S  H.M.'s  be  commen- 
surable ;  it  cannot  be  if  they  are 
nut  so. 

11  cases  of  a  body  affi 
by  several  simultaneous  SUM.'-, 
in  which  the  CompOni  nt  S.H.M.'s 
have   hem    in    the  same    line,  the 

real  resultant  motion  o4  the  par- 
tible may  be  studied  by  finding  the 
(.implex  harmonic  curve  produced 
by  compounding  these  s.H. 
with  a  uniform  movement,  and 
(in  this  curve  laying  a  can!  in 
which  a  slit   is   cut  which  is  laid 

at  tight  angles  to  the  axis  of  the 

curv  card   is  then  moved 

uniformly  along  this  axis,  the  slit 

being  kept  at  right  angles  to  it. 
At  any  one  moment  only  one 
point  of  the  I    nnw 

be  seen  in  the  slit,  if  that  slit  be 
made  narrow  enough.  As  the 
card  is  moved  along,  this  point 
appears  to  move  up  and  down 
in  the  slit  with  greats  Of  leas 
regularity,  and  the  way  in  w! 
it  so  moves  is  the  way  in  which 
the  body  really  moves  when 
affected  with  the  given  simul- 
taneous S.H  M  a  m  the  same  I 

Fourier's  Theorem. — The  great  variety  in  the  forms  of  the 
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resaltB&t  curves  drawn  to  illustrate  the  previous  discussion  will 
prepare  the  reader  to  accept,  the  positive  statement  that  by  properly 
choosing   a   number  of  harmonic   curves,   their   amplitudes,  their 
i,  and    their  phases,  and   by  compounding  these,  ;m\    I'eri- 
Cnrve  of  any  complexity  may  be  built  up,  provided  that  the 
required  never  jjjoes  off  to  au  infinite  distance  I'mm  tin;  axis. 
ly  complex  periodic  motion  must  he  compounded  of 
and  may  be  resolved  into  a  definite  number  of  S.H.M.'s  of  definite 
periods,  definite  amplitudes,  and  definite  phases.     In  order,  how- 
thai  iuch  motion  may  be  periodic — that  La,  that  the  complex 
resultant  motion  may  aecwratvly  repeat  itself  at  regular  intervals 
— it    is  necessary  that  the  periods  of  the  component  S.H.M.'s 
ould  be  exactly  commensurate;  for  if  they  were  not  so,  the 
.ltant  motion  could  not  exactly  repeat  itself,  and  would  not  be 
:  anted,  however  the  periodicity  of  the  complex  motion 
and  the  limitation  mentioned  above  as  to  the  form  of  its  curve, 
Fourier's  theorem  states  that  any  such  motion  is  compounded  of  a 
!"  Dumber  of  commensurate  S.H.M.'s  ;  and   this  is  true  not 
ion    represented   by  the   curve,  but   also.,  with   wider 
retation,  of  any  phenomenon  which  the  curve  DMJ  repre- 
sent 

Tide  Calculating  Machine. — A  number  of  wheels  may  have  pre- 
arranged velocities  Imparted  to  them  by  being  separately soonacted  with 
cranks,  of  which  a  Bomber  are  actuated  by  the  same  r.lockwork,  through  the 
intervention   of  toothed   wheels.      Thus   the  i  in  of  Kg,  33  may  be 

iti«l    any  Dumber  of  S.H.M.'s  simultaneously  pfodl  If  the 

c-xtren.  I ■■■■  oecillating  roda  bi  ed  by  n  tense  end  flexible  cord, 

that  con  I  will  bi  drawn  upon  OS  tightened  to  an  extent  depending  at  each 
instant  upon  the  position  of  tin  wheels.  One  extremity  of  this  oord 
fixed  to  an  immovable  point,  the  other  may  he  connected  with  a  spring,  and 
the  varying  distortions  of  that  spring  will  indicate  the  varying  tensions  of  the 
cord.  To  some  point  of  the  spring  a  pencil  <>r  pen  may  be  attached,  and 
under  this  writing-point  a  piece  of  paper  may  be  unrolled  at  a  rate  propor- 
tioned to  the  velocity  of  the  clockwork.  When  the  mechanism  is  set  in 
motion  there  is  recorded  upon  the  unrolling  paper  a  curve  which  represents 
the  sni  of  all  the  S.H.M.'s  which  are  being  executed.     The  pre- 

limin  .  ists  in  adjusting  for  i  ]  the  position  of  the 

.vorka  in  the  slot — this  regulating  the  amplitude,  and  also  in 
ular  position  of  each  crank  so  as  to  represent  the  appro- 
priate 8.H.M.  at  the  moment  of  starting.     A  machine  of  this 
■  -  a  curve  tn  be  drawn  after  preliminary  adjustment,  which  re- 
presents the  height  of  the  tide,  for  every  moment  of  a 

:h  as  a  year,  without  the  aid  of  further  calculation  than  that  involved  in 
I  from  astronomical  considerations,  and  from  the  tidal  record  of  a 
I   knowledge   of    the  component  S.H.M.'s,   their  respective   periods, 
mdes,  and  epochs. 
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The  results  shown  in  this  case  by  drawing  the  wave  in  angular 
outline,  are — (1)  till  are  twice  as  many  waves,  the  wave- 

I'nuth  l*ing  half  as  great  as  in  the  previous  figure;  and  (2)  that 
thu  speed  of  travelling  of  the  wave-fonn  is  the  same  in  both  cases; 
for  if  a  sufficient  time  l>e  supposed  to  have  elapsed  to  permit  each 
piiiti'-li;  to  have  performed  half  a  revolution  (this  corresponding  to 
the  time  allowed  in  Rg.  49  for  the  accomplishment  of  a  quarter 
revolution),  and  if  the  than  position  of  the  chain  of  particles  be 
investigated,  the  wave-form  will  he  found  to  have  travelled  for- 
wards through  a  space  which  is  the  same  as  in  Fig.  49.  If,  then, 
the  relative  retardation  of  the  particles  be  independent  of  the 
speed  of  the  particles  the  rate  of  propagation  of  the  wave-form 
will  i  the  only  effect  of  a  change   in   the  rate  of 

the  oscillation  of  lb  will  be  a  change  in  the  wave-length 

and  in  the  corresponding  curved  form  assumed  by  the  chain,  and 
in  the  number  of  waves  which  0889  any  given  point  during  a 
given  interval  of  tone. 

The  ciicular  form  is  not  a  necessary  attribute  of  the  path  of 
each  particle:  the  path  may  be  elliptical  with  a  similar  result. 
inference  being  one  in  the  form  of  the  resultant  wave. 

The  two  limiting  cases  are  of  great  inti  ir  ,t.  These  arc  (1°) 
the  case  in  which  the  ellipse  is  reduced  to  a  straight  line  at  right 
angles  to  the  chain  of  particles ;  and  (2'v)  that  in  which  it  is 
reduced  to  a  straight  line  in  the  same  direction  as  that  chain. 
The  gives    rise   to  Transversal    vibrations;  the  latter  to 

■_■  itudiiiiil  vibrations. 

Transversal  Vibrations.—  -Each  particle  effects  a  S.1I.M.  in 
a  di  ight  angk  Jo   Of  particles.      In  Fig,  .'.  1 

TlgM. 
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are  shown  («)  the  aeries  of  particle-  unaffected  by  vibration;  (b) 
the  same  particles  affected  by  transversal  vibrations,  executing 
S  H.M  liases  of  which  differ  to  an  equal  extent  in  equidistant 

particles.  The  form  assumed  by  the  system  of  particles  in  this 
case  is  exactly  the  curve  of  sines.  It  is  an  easy  matter  to  show 
In  this  case,  as  in  those  previously  discussed,  that  as  the  pMJJniw 
perform  their  several  S.1I  M.'s  the  wave-form  travels  along  tin 
cord. 

Composition  of  Transversal  Vibrations. — It  is  quite  pos- 
sible for  an  indefinite  cord  or  series  of  particles,  such  as  tie 
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sidered   in   these   paragraphs,  to   have  several  wave -motions 

running  it  simultaneously,  each   producing  its  own   effect, 

and  the  tot  ..f  their  united  action  should  be  traceable   by 

some  process  of  composition  analogous  to  our  previous  composition 

•  dt&neous  movements.      There   are   two   main   eases   to  be 

considered — (1;   that  in   which  the  vibrations  are  in   the  same 

1      _      that    in    which    they   are    not    in    the    same 

tie. 

Transversal  Vibrations  in  the  same  plane:  their  Com- 
position.— Since  the  effect  of  transversal  vibrations  mi  an  inde- 
riftj  lit  cord  is  to  cause  it  to  assume  the  form  of  the  curve 

acts  independently  in  this  sense, 
the  effect  of  compounding  such  movements  is  reduced  to  exactly 
the  same  problem  as  has  been  considered  OS  pages  9fi  101,  and 
there  illustrated.  If,  for  instance,  we  refer  to  Fig.  48,  the  resultant 
wave  on  a  perfectly  flexible  and  extensible  cord  on  which  the  live 
wa  ^resented  were  simultaneously   travellingj 

would,  far  the  instant  at  which  the  phases  happened  to  be  as  there 
shown,  assume  the  form  there  drawn;  but  when  that  wave  had 
i  ■!  :t  little  way  along  the  curd,  the  relative  phases  of  the 
component  transversal  vibrations  would  have  altered,  and  the  wave 
would  thus  continuously  alter  its  form  from  instant  to  instant, 
ver,  nearly  to  the  form  shown  in  Fig.  48,  as  often 
its  the  same  coincidence  of  phases  recurred. 

Their  Resolution. — If  a  changing  wave-form  run  in  this  v.  ay 
long  a  cord,  and  if  the  same  form  recur  at  regular  intervals,  the 
U3g  at  every  recurrence,  through  the  same  changes, 
then  Fourier's  theorem  applies,  and  the  most  complex  phenomenon 
of  this  kind  may  be  analysed  or  resolved  into  a  number  of  separate 
waves,  •  are  commensurable,  running  simultaneously 

along  the  cord. 

Transversal   Vibrations  not  in   the    same    plane :   their 

Composition.      Here  we  have  to  consider  two  cases — (1)  that  in 

wh:  vibrations   are  at  right  angles  to  one  another,  and   (2) 

tha*  ch  they  are  not  so.     The  latter  case  differs  from   the 

ily  in  the  form  of  the  curve  described  by  each  particle. 

When  the  simultaneous  vibrations  are  in  planes  at  right  angles 

one  another,  the  motion  of  each  particle  is  confined  to  a  plane 

right  angles  to  the  line  of  the  cord.      In  the  plane  in  which  it 

moves,  each  particle  describes  paths  such  as  those  exemplified  in 

tO,      In  these  figures  AB  may  be  taken  as  representing 

the  amplitude  and  direction   of  the  8.H.M,  in  one  plane,  and  CD 
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wave  progressively  increases,  it  acta  upon  material  whose  moss 
increases  with  the  radius;  the  energy  imparted  to  each  particle 
varies  inversely  as  the  radius  ;  and  the  amplitude  of  movement  of 
.•arli  particle  in  iLs  SUM.  varies  inversely  as  the  square  root  of 
In  this  Way,  tlie  further  the  wave  has  travelled  from 
its  centre  of  disturbance,  the  shallower  it  becomes. 

At  tw.>  instants  of  time,  the  rMpeotive  radii  of  the  circular  wave  are  r  and 
r,  and  the  maximum  vekx  itiea  of  the  particles  affected  v  and  «,.      Let  m  be 

the  amount  of  mass  aff.-ct.  .1  p»-r  unit  of  length  of  the  wave-front.      The  whole 
mass  set  in  motion  is,  at  tin-  two  ■  instants,  2jtt.  r-  m.    Hut 

the  energy  is  constant,  and 


g«T,f».- 


\\"  T  i»-  ri.-i- 


■    and  —      /   _• 

r,  |         V    rt 


But  the  amplitude  of  a  S.H.M,  i.-  pwpftrtiflTMl  Ul  the  ■  1 1  a  irhicfa 

the  particle  DttMl  it-  mean  |'"-itioii;  f.ir  the  \«1"-  ily  in  Lli«*  circle  of  refer- 
ence, which    i*  equal   to   tin-  velocity  at  the   middle   poSnl  Of   the   BUSJML,  is 

2tt  x  radius  of  circle       2v  r 
=p mm  —  x  amplitaae,  whence  the  amplitude  ■  V  x  — i 

and  therefore  varies  a*,  the  velm  ity.     The  amplitude.-*  tlnref.-re  vary  inve:- 
an  the  square  root  of  the  radius  of  the  w:i\c. 

Waves  propagated  in  a  tridimensional  substance. — The 
Ed  figure  whoaa  surface  is  everywhere  at  equal  distances  from 
its  centre  is  a  globe  or  sphere.  If  a  disturbance  at  a  point  be 
propagated  with  equal  velocities  in  all  directions  in  space,  the 
form  of  the  wave- front  will  be  spherical.  If  th.-  velocities  be 
unequal,  the  wave-front  will  be  ellipsoidal  or  spheroidaL  As  the 
distance  from  the  centre  increases,  the  amplitudes  of  oscillation 
of  the  particles  will  diminish,  for  they  vary  inversely  us  the 
distance  from  the  centre  of  disturbance. 

When  the  radius  of  the  spherical  wave  changes  from  r  to  r ,  the  mass  set  in 
motion  l.tecomet  greater  in  the  proportion  of  r2  to  r/J;  hut  the  energv,  which 
is  equal  to  2*r*r-.  n'.     Therefore  rV  ■■  r?v*t 

V  T 

and  —  —  — ,  or  the  vehicity  of  the  particle*  varies  inversely  as  the  radius 

Of  fjM  wav-front  BM  the  amplitude  vari»'>>  an  tin-  velocity,  ami  then-fore 
varies  inversely  as  the  radius  or  the  dintancc  of  the  wav. •  ft ..nt  fan  the 
centiv  of  disturh  ince;  and  the  energy  of  motion  of  each  (Nirticle — that  i.«,  the 
Intensity  of  its  vibration — varies  as  the  square  of  the  amplitude,  ami  there- 
fore  inversely  as  the  square  of  the  radius.  This  corresponds  to  the  statement 
that  the  intensity  of  Light  varies  inversely  as  the  square  of  the  distance  from 
the  illuminating  point. 

Concentric  Waves. — In  all  these  cases,  if  the  primitive  dis- 
turbance  be   repeated  at  regular  intervals,  the  wave  system  will 


CONCENTRIC  WAVES. 


113 


assume  i  of  equidistant  and  concentric  waves  of  circular. 

elliptical,  spherical,  ellipsoidal,  spheroidal  form,  as  the  case  may 

1    tha  primitive  disturbance  be  Benefited  at  izoagolar  inj 
vals,  the  waves  will  still  be  concentric  but  not  equidistant,  and 
they  will  arrive  at  any  paint  in  an  order  of  irregular  sequence 
exactly  reproducing  the  irregularity  of  the  central  disturbance. 

If  the  central  particle  be  affected  by  complex  periodic  disturb- 
ances, these  will  be,  as  i  £he  period  and  the  phase  as  well 
as  the  relative,  but  not  the  absolute,  amplitude  of  every  com- 
ponent motion,  faithfully  reproduced  in  the  motion  of  any  particle 
affected  by  the  resultant  complex  wave-motion ;  and  this  motion 
.»!*  sui  h  a  particle  may  in  many  experimental  instances  be  taken 
cognisance  of  by  an  observer. 

Direction  of  the  wave-front. — When  a  wave  is  said  to  be 

i  certain  time  and  place  travelling  in  a  certain  direction,  in  an 

isotropic  medium,  it  is  meant  that   the  normal  to  the  wave-front, 

a  straight  line  drawn  at  right  angles  to  the  wave-front — i.e.,  at 

angles  to  its  tangent  or  tangent-plane — takes  the  direction 

said  to  be  that  of  the  wave  itsell     In  Fig.  54  the  lines  qr  and  st 

the  directions  of  the  circular  wave  at  the  points  q  and  s. 

Flat  wave-front. — The  nearer  the  centre  of  disturbance,  the 

m   marked  the  convexity  of  the  wave- front ;  the  farther  the 

centre,  the  Hatter  the  wave-front:  when  the  centre  of  disturbance 

is  very  far,  the  wave-front  may  for  any  small  area  be  regarded  as 

approximately  plane,  just  as  any  small  portion  of  the  surface  of  a 

!     ge  sphere  may  be. 


Flfr.5*. 


If.  again,  all  th  of  a  plane  surface  act  as  centres  of 

disturbance,  then  in  thi  liate    proximity  there  may  bo  a 

flat-fronted   wave.     If  the  disturbed   surface  be   represented   in 
section  by  AB  in  Fig.  55,  the  wave-front  will  be  flat  opposite  it- 


114 


KINEMATIC8. 


[on  AT. 


Modifications  in  the  Form  of  a  flat  Wave-Front. — Through  the 
upper  and  eodlei  hiyrr*  of  tbfl  Btmotphan  vrsvai  tr.iv.-l  with  leas  rapidity  than 
tlii-v  ill)  thruugh  the  lower.  A  flat  wave-front  is  thus  distorted,  its  upper  part 
travels  wttfa  ?Im-  ItMt  velocity,  and  the  wave-front  comes  to  converge  upwards. 
Points  on  a  level  with  the.  point  of  disturbance  may  remain  unaffected,  for 
the  wave-front  i=,  in  the  main,  restricted  to  its  normals,  and  the  sound 
ascends.  If,  however,  there  be  a  mOTWDmt  (such  as  that  due  to  wind)  in 
which  the  upper  strata  move  more  rapidly  than  the  lower,  it  is  not  difficult 
to  see  that  the  ran  y  come  to  bear  down,  and  that  sound-waves 

may  thus  appear  to  travel  with  the  wind,  and  to  be  best  heard  at  certain 
distances,  which  dspflod  ujkui  the  speed  of  the  wind. 

Wave  passing  through  an  aperture. — If  ■  ilat  wave  impinge 
upon  uu  obstacle  containing  an  orifice,  it  "vv  ill.  in  part,  be  propa- 
gated through  that 
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orifice.  If  the  ori- 
fice lead  into  the 
lumen  of  a  cylin- 
drical tube  whose 
diameter  h  the 
same  as  that  of 
the  orifice,  no  la- 
teral expansion  of 
the  wave-front  is 
possible  in  that 
lube.  If  there  be 
no  such  tube,  the M 
may  or  there  may 
/  not  be  expansion  of 
the  wave  beyond 
the  orifice.  Such  expansion,  if  it  take  place  al  all,  will  take 
plaoe  in  tin4  way  shown  in  Fig.  56.  The  disturbed  particles  in 
the  aperture  act  as  centres  of  disturbance  to  those  Lying  U-yond. 

There  is  a  curious  proposition,  the  nature  of  the  proof  of 
which  will  be  indicated  further  on,  that  if  tip-  agmtun  through 
which  ;i  wave  passes  be  small  in  comparison  with  the  imve-length, 
there  will  be  expansion  of  the  wave-front,  such  as  that  shown 
in  ,   but  that  if  the  aperture   be  wide  in  comparison 

with  the  wave-length,  the  wave  will  only  travel  in  the  direction 
of  all  the  lines  drawn  normal  to  that  part  of  it  which  passes 
through  the  aperture,  the  wave  therefore  travelling  with  a  corre- 
spondingly limited  amount  of  expansion  or  none  at  all;  w 
for  conditions  intermediate  there  will  be  a  certain  amount  of  ex- 
pansion beyond  the  limitation  indicated  by  the  normals. 
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When  a  wave-motion  passes  through  an  aperture  relatively  wide,  then 
the  cases  arc  three  : — 

(a.)  The  wave -f runt  may 
I*  flat,  as  in  Fig.  57a,  in 
which  case  it  does  not  ex- 
pand :  thin  is  the  condition 
of  a  M  parallel  beam  "of 

(b.)  It  may  be  convex,  as 
Jbj  ni    which    case 
\pand*, 
being  limited  by   the  nor- 
mals 7*7,   NL      Thin   is   the 
c.indi  divergent 

■  t  Kgfat, 
(c)  It  may  in  some  cases 
l»e  wncavc,  in  which  case 
the  wave -front  fin-' 
tract*  and  then  expands : 
this  is  the  condition  of  a 
"convergent   beam"  or 

:il      of 

rays"    passing    thron-li    ft 

"POCUB." 

When  a  wave  •  front 
passes  through  a  focus, 
exactly  or  approximately, 
the  >nstant     in 

amount,  is  distributed  over 
jiaratively  small  field, 
and  the  intensity  of  dfft- 
turbance    is,  at 

MpOBJidSngly  great. 
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Reflexion  of  Linear  Waves. — If  a  linear  longitudinal  wave 
of  oa  n   be  incident,  or  impinge,  on  an  obstacle  so  firm 

that  the  first  particle   of  it  at  which  the  wave   arrives  does   not 
there  is  then  produced   between  this  first  particle  of  the 
obstacle  and  the  nearest  particle  of  the  vibrating  cord  (which  we 
shall  t  as  particle  i)  a  Compression,  which  results  in  part- 

ling  at  a  rate  equal   to  thut  with  which  it  struck 
the  obstacle — that  is,  with  velocity  7^— but  in  the  opposite  direc- 
ind  in  its  then  meeting  the  next  particle,  u,  as  it  comes  up 

may    here    borrow    a    proposition    from    the  theory  of 

,  which  shows  that  if  two  equal  elastic  bodies  meet  one 

ther  and  rebound,  they  will  do  so  with  exchanged  velocities. 

Particle  i,  meeting  paTticle  it,  exchanges  velocities  with  it ; 

1   acquires   velocity  v()  and    returns    towards    the    obstacle;    it 
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acquires  vr     Particle  <■  strikes  the  obstacle  with  velocity  vlt  and 
rebounds;  in  the  meantime  particle  ft  lias  acquired  velocity 

.change   with   particle   Hi      When   particles   i  ami   ii 
meet,  t  is  impelled  towards  the  obstacle  with  velocity  r    ,  and 
the  backward  velocity  sl  is  imparted  to  particle  ii,      So  OH  :   the 
particle  i  successively   strikes   and    rebonnds   IV" no   the   obstacle 
with   each  successive   velocity,  ■•.//.  r)iir  etc. ;  at  the  same 

time  the  backward  speed  vt  is  transferred  successively  to  all  the 
les  it,  in,  iv,  etc,  ami  U  followed  by  the  successive  velo- 
cities vu,  tUp  r  ,  etc.  The  consequence  is  that,  juot  as  the  and 
of  the  wave  is  being  dashed  against  the  obstacle,  a  wave-front 
exactly  like  the  original  one  is  travelling  away  from  the  obstacle, 
at  the  distance  of  one  wave-length.  The  "reflected  wave"  has 
travelled  through  the  incident  wave,  and  then,  becoming  clear  of 

it,  travels  alone,  equal  to 
ucident  wave  in  wave- 
length, in  period,  in  phase, 
and  in  amplitude,  but  op- 
posed in  dirsi  I 

in  fig,  f)R  a  rfngls  van  >* 

-h'.wn,   running  along   a    cord 
against   a    Used    obstacle  AB. 

Within   the   obftule    tli in    liii'-- 
*ln»w  the  eomM  whirh  the  wavi 
•nmld  have  taken,  had  the  cord 
not  been   interrupted.     T 
left  of  AB,  light  dotted  lines 
indicate   the  course  of  the    re- 
flected wave.    The  light  dotted 
lines  are  SBBD  to  be 
the  some  form  as  tins  thin  liu«> 
1    within  AB,  hut  turned  *hnr]>l  v 
in  the  reverse  direction  at  the 
surface  of  impact.    Th>-  i< 
wave   is  then  a  direct  continu- 
ation of  the  incident  wave  in 
;ill   l»ut  direction. 


y" 
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It     of    incident     wave- 
there  be  a  succession,  simple, 
complex,  regular,  irregular, 
all  these  peculiarities  will 
be  faithfullv  m  ted  in  the  reflected  wave. 

What  has  been  said  of  a  wave  longitudinal  and  comment 
with   I  compression    may  be    easily  modified  so  as  to  become 
generally  applicable   to  the    explanation  of  any  kind  of  linear 
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obstacle  stand  fast,  it  is  i  matter 

indifference  whether  it  be  corn  pose.  1  of  matter  whose  pKrtiddfl 
lie  more  or  less  closely  together. 

S|»ecial  consideration    of   the  reflexion  of   waves  traver 
■•>:•  of  two  dimensions  may  be  Omitted 

Reflexion  of  a  plane  wave  front  at  a  plane  surface. — It  a 

•  teet  a  plane  surface,  any  section  through  the 

wave  and  surface  will  present  a  condition  such  as  that  shown  in 

9      The  line  AB  represents  the  wave-front  advaueinj  :  OB 
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represents  the  surface  on  which  it  impinges.     Every  point  in  the 
wave-front  acts  as  a  centre  of  disturbance.      Tims  the  wave- front 
advances  parallel  to  its  former  plaue  forms.      Attn  the  lapse  of 
a  certain  time  the  whole  of  the  wave-front  has  impinged  on  the 
iele :  what  is  then  its  condition  )     The  part  of  the  wave  cor- 
responding to  il  le  A  would  have  travelled  as  far  as  A',  if 
then*  bid  been  no  obstacle.     After  reflexion  it  has  travelled  to  a 
i-esponding  extent  in  some  direction  tending  away  from  (be 
face — that  is,  to  some  point  on  the  circumference  of  a  circle, 
tttre  of  which  is  at  A,  and  the  radius  of  which  is  AA'.      So 
..:ivo  indicated  by  b  would  have  reached  u  \  Ifai 
WBS  the  surface  at  E;  that  part  of  the  wave  is  re- 
flected to  a  distance  limited  by  a  circle  whose  centre  is  the  point 
E  on  the  surface,  and  whose  radius  is  the  distance,  E£>',  between 
and  the  position  at  which  the  wave-front  would  have 
if  there  had  been  no  obstacle.     By  drawing  a  sufficient 
number  of  circles  in  this  way,  we  see  that  the  aggregate  disturb- 
ance produces  a  plane  wave-front  A "B',  receding  from  the  surface 
If,  as  it  approached  the  plane  surface,  it  had  been  parallel 
that  surface,  it  would  retrace  its  path.      If  it  had  approached 
the  surface  obliqv  that  the  direction  of  the  wave  makes 
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an  angle  0  with  the  normal  to  the  surface,  the  direction  of  the 
receding  wave  will  make  an  equal  angle  0  with  the  normal,  but  on 
the  other  side  of  it.  This  is  expressed  by  saying  that  the  Angle  of 
Incidence,  0,  is  equal  to  the  Angle  of  Reflexion,  r ;  these 
being  understood  to  be  angles  made  between  the  direction  of  the 
wave  and  the  normal  to  the  surface,  or,  what  amounts  to  the  same 
thing,  between  the  plane  of  the  wave  and  the  plane  of  the  surface. 

The  same  proposition  may  be  otherwise  demonstrated.     In  Fig.  60  let  AB 
represent  the  direction  of  a  wave,  and  CD  the  reflecting  plane  surface.     Every 

movement  of  the  vibrating 
body  with  reference  to  the 
direction  AB  may  be  re- 
solved into  two,  these  being 
referred  to  the  axes  By  and 
Bx.  On  reflexion,  the  com- 
ponent in  t/B  has  its  direc- 
tion reversed  ;  that  in  the 
direction  xB  is  not  thus 
interfered  with.  After  re- 
flexion, on  recompounding 
the  components,  the  result- 
ant is  found  to  be  a  disturbance  similar  to  the  original  one,  but  in  the 
direction  BA',  while  the  angle  ABy  is  equal  to  the  angle  yBA'. 

Reflexion  of  a  curved  wave-front  at  a  plane  surface. — If 

0  a  wave -front  be  curved, 

v       ;      Ftg.ai.  it    may    be    considered 

~  as   consisting  of  a  very 

large  number  of  very 
small  plaue  surfaces.  To 
each  of  these  a  normal 
may  be  drawn ;  each 
such  normal  indicates 
the  direction  of  the  cor- 
responding part  of  the 
wave -front ;  the  angle 
which  each  such  normal 

•••"'"  _ ^..  makes  with   the  reflect- 

..--''  ..-- "•  -..  s  ing    surface,    when     its 

''"'  ..- - --..  \  own  part  of   the  wave- 

..  " "•*-.    '•  front  strikes  the  obstacle, 

,-'"'    "*"\  "  is  the  angle  of  incidence 

\  for  that  part  of  the  wave- 

°  front;   to  this  angle  the 

angle  of  reflexion  for  that  part  of  the  wave-front  must  be  equal. 


v.] 


REFLEXION  OP  WAVES. 


Let  the  convex  spherical  wave-front  AB  strike  the  surface 
OD,  Each  part  of  the  wave-front  is  reflected  at  its  own  angle. 
The  result  is  the  reflexion  of  a  convex  wave  which  is  of  the  same 
form  as  AB  would  have  assumed  in  the  time,  but  which  travels 
in  the  opposite  direction.  Such  ;i  wave  is,  in  HI- it,  exactly  such 
a  wave  as  would  have  travelled  ttoni  the  point  0'  as  far  behind 
the  reflecting  surface  as  0  is  in  front  of  it. 

In  the  same  figure,  if  the  directions  be  reversed,  so  that  a 
concave  wave- front  travels  towards  the  reflecting  surface,  converg- 
ing upon  O',  it  will,  when  reflected,  become  reversed,  and  on 
receding  from  the  reflector,  it  will  converge  upon  O,  which  is  as 
•  the  One  8ide  of  CD  as  the  point  0\  QpOD  which  the  wave 
had  originally  been  converging,  is  on  the  other. 

General  construction  of  a  reflected  wave. — Let  AB  (Fig. 

be  a  wave-front,  and  CD  B  reflecting  surface,  both  of  any  form. 

Pir.ea. 


Draw  normals  to  AB  of  such  lengths  that  they  may  all  cut 
from  these  normals  cut  off  equal  portions,  and  join  the  extremities 
of  these  portions ;  the  line   i  bus  obtained,  which  represents 

the  form  that  the  wave  would  have  assumed  but  for  the  reflecting 
1  'raw  a  number  of  circles  ;  the  centre  of  each  of  these 
is  a  point  at  which  one  of  the  normals  to  AB  cuts  CD;  the 
radius  is  the  distance  along  the  normal  in  question  from  the  sur- 
face CD  to  the  surface  EF.  These  circles  have  a  common 
tangent,  the  curved   line  GH,   which  indicates  the  form  of  the 
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reflected  wave.    Normals  drawn  to  this,  of  equal  length,  may  indi- 
ilie  form  of  the  reflected  wave  at  any  subsequent  instant; 
it   these  be  drawn  backwards,  all  the  previous  positions,  real  or 
apparent,  may  be  investigated. 

This  is  the  general  construction  ;  but  it  very  frequently  leads  to  difficul- 
ties where  different  ports  of  the  wave  cross  one  another.  In  most  cases, 
however,  the  following  method  is  effective.  Consider  a  part  of  an  incident 
wave  and  the  point  at  which  it  impinges  ;  from  the  point  of  incidence  draw 
a  line  indicating  the  direction  in  which  that  part  of  the  incident  wave  will 
be  reflected.  Find  to  what  distance  behind  the  reflecting  surface  the  incident 
wave  would  have  travelled  in  a  given  time  if  there  had  been  no  obstacle ; 
measure  off  along  the  direction  of  the  reflected  wave  a  distance  equal  to  this  ; 
repeat  this  operation  for  several  j>art»  of  the  wave-front  ;  join  all  the  points 

thus  obtained.    This  giv<  - 
the  form  of  the  reflected 
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wave  at  the  time  chosen. 
_  K'jiml  distances,  DM 
forwards  or  backwards 
Upon  the  normals  to  this 
wave,  will  give  the  form 
of   the   vi  nstaiiH 

subsequent,  and  its  true 
or  hypothetical  form  at  in- 
afeuts  previous  The  fol- 
lowing are  examples : — 

Problems. 

1.  Let  the  roll. 
surface  be  a  jiaraboloid  : 
the  advancing  wave- 
front  be  plane.  The  focus 
t  the  parabola  i*  ifl  I 
(Fig.  (33).  We  may  choose 
thTee  instants  for  con- 
sideration. 

a.  That  at  which  Ebl 
whole  wave-front  uotil  I 
have  arrived  at  O.  Each 
part  of  the  wave-ti 

ted  as  shown  in  the 

diagram.     The  part  which  would  have  taken  the  course  aa!  is  turned  into 

i Tti-ni  >Fj  66'  into  6F  ;  cc'  to  eF  ;  and   so   on,     dF  —  aa' ;  Hi  =  6F  ; 

«*«•'  =  cF.     The  wave-front  is  reduced  to  a  point  :   it  is  at  that  instant  passing 

through  the  focus  F. 

6.  Any  instant  at  which  the  wave-front,  having  pawed  the  point  A,  would 

I  have  reached  the  point  0  ;  the  reflected  wave  is  spherical  and  con- 

ng  on  F. 

c.   Any  instant  it  which  the  Will  w«.uld  have  reached  a  plane  further 

away  from  the  reflecting  surface  than  u'U  ;  the  wave  is  spherical,  divergent 

from  the  centre  F. 
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2.  In  the  same  figure,  the  wave-front  is  one  which  starts  from  F  as  a 
:  it  meets  the  paraboloid  reflector;  it  h  reflected  with  ftp]  front. 

3.  The  reflecting  surface  is  spherical  and  concave,  the  incident  | 
front  flat. 

In  Fig.  G4  th  .,:  surface  is  represented  by  the  line  RS.     The 

wave  travels  from   right  t o  left  and  meets  RS.      Each  part  of  the  front 
•  •(  the  wave  is  turned  back 


Fiff.64. 


JL 


N/ 


K~ 


V    ..* 


at  its  own  angle  «.f  reflexion  : 
the  wave-front  becomes  con- 
vergent.    It  does  nut,  how- 
ever, converge  on  any 
point  ;  it  is  not  spherical. 
The  figure  shows  that  there 
is  a  curved  line,  a  "  caustic 
by  reflexion,"  in  whi- 
;.ll  the  f'KJ  of  all   the  separ- 
ately   considered     parts    or 
elements  of  the  wave  1 
wave   the   elan 
tid  from  the  outer  part 
•  if  the  surface  Its  *  ill  sooner 

m  to  focns  than  thai  re- 
tlecU:  1  from  tin-  Centre  of  that 
surf  DC  if  the  wave 

be  single  a  spot  of  maximum 
dist  i  -11    appear   to 

run  along  each  limb  of  the 
caustic,  and  to  disappear  in 
a  diverging  wave  at  its  apex. 
A  succe^ion   of   wuvea   will 

keep  the  whole  of  the  G 

in  a  state  of  maximum  <Iis 

torta  s 

L   A  reflecting  mirror  a  segment  of  a  sphere:  a  centre  of  disturbance 
the    autre  of  the  sphere  and  the  reflecting  surface.     With 
ruler  and  compass  draw  the  form  of  the  reflected  wave  as  in  Fig.  64.     Approxi- 
mately plane  at  its  centre. 

A  complete  spherical  surface  used  as  a  reflector  ;  a  centre  of  disturb- 
the  sphere  :    a  divergent  spherical  wave   produced. 
tf«  thai  after  reflexion  this  becomes  a  convergent  spherical  wave,  converg- 
•u   end   pffffng  through   the  same  centre,  and  then  repeatedly  |   Bi 
and  alternately  converging  on  and  diverging  from  the  original  point  of  dis- 
turbance. 

6.  Prove  that  a  spherical  wave  starting  from  one  focus  of  an  ellipse  con- 
verges after  reflexion  on  the  other  focus.  Hence  prove  that  r  ■<■  of 
disturbance  beat  one  focus,  and  if  it  be  surrounded  by  a  complet-  alKpeoidaJ 
nrflecting  surface,  a  wave  passes  bach  and  fore  between  the  foci,  alternately 
converging  and  diverging,  tir                   then  ;it  the  other  focus. 

•  Take  a  long  strip  of  bright  tinplate  ;  band  it  into  a  semicircle  ;  place  it  on  it» 
hect  of  paper  in  the  sunlight,  expoSU  ivity  to  the  nun  :  a  bril- 

liantly illuminated  C  ■■■<■  will  l>©  Been  on  the  paper.     The  form  of  this  curve 

may  be  varied  by  altering  that  given  to  the  tin  plate. 
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Transmission  of  a  linear  wave  into  a  denser  medinm. — 
If,  as  i»  Fig.  86,  the  pertlolefl   be  more  closely  placed   in  li  than 

in  A,  B  is  the  denser  medium. 
9  A  Lineal  wuw-motion  travels 

p  to  the  right  in  A ;  it  an 

at  P.  It  meets  a  relative  obstruction.  P,  the  tirst  particle  of  tin- 
dense  substance,  is  more  resisted  than  the  preceding  particles  set 
in  motion  by  the  wave.  The  wave  is  not  entirely  obstructed, 
and  goes  on  into  Bj  but  there  is,  to  some  extent,  the  production 
of  a  reflected  wave  in  A.  This  reflected  wave,  like  that  of 
Pig,  58,  is  of  the  same  phase  and  period,  and  of  the  same 
wave-length  as  the  original  wave.  It  cannot  In;  of  the  same 
amplitude,  for  some  of  the  energy  of  the  wave-motion  fa 
been  spent  in  setting  up  a  wave  in  B.  The  wave-motion 
propagated  along  B  must  necessarily  be  of  the  same  period  as 
that  in  A,  for  the  particles  in  F»  must  move  in  unison  with  th> 
of  A,  which  hope!  them  ;  it  must  lte  of  the  same  phase,  for  it  is 
the  direct  continuation  of  the  wave  in  A.  Since  the  particles 
are  more  crowded  together  in  B  (a  less  distance  corresponding  to 
the  same  number  of  particles), a ms  eaanoi  propagate  itself  in  B 

so  far  in  a  given  time  as  it  can  in  A,  for  its  doing  SO,  still  retain - 
the  same  wave-length,  would  imply  its  setting  a  mass 

in  motion.  This  would,  however,  require  a  greater  amount  of 
energy.  If  the  latter  be  definite  in  amount,  as  it  must  be*  the 
wave-length  and  tin-  ?  •  I  of  propagation  must  be  loM  in  tin- 
denser  medium.* 

As  to  the  relative  amplitudes  of  the  rsqnctfoi  xibrntiona,  the  original, 
the  reflected,  and  the  transmitted,  the  inmHtadM  <>f  the   two  latter  taken 
together  are  not  necesaanly  aqua]  to  that  oi  tbt  fttH  ;  bat  in  every  case  tin- 
energy  of  villi.  m  original  wave  is  equal  to  tl|c  sum  of  tin:  HNt| 
of  the  refl                  I  the  transmitted  wai 


If  in  Fig.  65  a  wave  beginning  with  compression  l»e  supposed 
to  run  through  H  towards  the  left,  when  it  comes  to  the  particle 
P — which  may  be  oommdered  as  the  last  of  p,  or  the  Bat  of  A — 

that  partiele,  meeting   less   resistance  than   its   pffl  Si    in   B 

had  encountered,  plunges  into  the  infer  medium  and  Beta  Up  in  A 
■  i  i  tiding  on  tbl  1  wave  in  P.  for  its  period  ami 

phase,  but  of  greater  amplitude;  and   the  wave   in  A  will   also 

•  To  avoid  misconception  it  may  be  remarked  hero  that  in  coucrete  eases,  viola 
the  density  of  a  body  is  a  powerful  factor  in  d.-tcnninintf  the  velocity  of  Ytbration  in 
a  given  body,  this  also  de]Mmda  greatly  on  the  peculiar  molecular  proportion 
elasticity— special  to  each  substance. 
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have  a  greater  wave-length  than  tluit  in  B,  for  a  reason  the  con- 
16  of  that  stated  in  the  last  paragraph.  The  effect  on  fehe 
denser  body  i.s,  however,  singular.  The,  particle  I',  plunging  away 
from  the  rest  of  the  particles  of  B,  produces  in  that  part  of  B  a 
ililatation  which  ifl  propagated  backwards,  and  there  then  tra\ 
in  B  a  reflected  \vu\  ,',iih  the  incident  wave  in  period 

and  in  wave-length,  necessarily  not  in  amplitude,  and  opposed 
in  phase.  A  maximum  compression  arriving  at  P  causes  that 
particle  to  yield  to  the  greatest  extent,  and  to  produce  a  maximum 
dilatation  in  D;  henee,  wle-n  the  iuri-lent  wave  produces  ;i  inaxi- 
mum  compression  among  all  the  particles  of  A  in  the  neighbour- 
hood of  P,  P  itself  starts  a  wave  in  IV,  commencing  with  a 
maximum  dilatation,  and  the  incident  and  reflected  waves  an- 
not  continuations  of  one  another  as  in  Fig.  58,  hut  there  is  loss  of 
half  a  v  ftk* 

A  comparison   of  the   diagrams  in    the  preceding  discussion 
hat,  in   every  case  where   the  mi  ilium  in  which  the  wave 
has  travell.  .same,  the  space  traversed  l»y  every  part  of 

or  not  reflected,  or  sooner  or  later  so  affected, 
must  necessarily  be  the  same  in  a  given  time;  and  hence,  count- 
ing from  any  initial  condition  to  any  final  wave-front  form,  the 
space  traversed  1  flexion  -f  that  traversed  :l1'Ut  it  =  a  con- 

nan  tity  for  a  given  time,  and  that  for  every  element  of  the 
wave-front ;  or,  as  it  is  often  expressed,  the  "incident  ray  "-f- the 
u  reflected  ray  "=  constant  for  the  whole  wave. 

Refraction  of  a  plane  wave  at  a  plane  surface. — If  the 
incident  wave  strike  the  plane  surface  simultaneously  at  all  ]> 

its  own  front,  it  will  simply  pass  more  slowly  through  the 
denser   medium,   while  a  reflected  wave  is   sent   back;  but   if  it 

•ke    it   obliquely,  there  are   some   changes   in   the   wave,  whi 
result  from  one  pail  "1'  ii   being  hampered   in  the  retarding  suh- 

•  This  curious  result  has  an  interesting  bearing  on  the  Cmi-suvation  of  Kuergy. 
Both  the  amplitude  and  the  length  of  the  wave  in  the  rarer  medium  arc  greater  than 
in  the  denser.  The  body  B.  if  the  metaphor  may  be  allowed,  finds  itself  to  have 
done  more  work  on  the  body  •    to  havo  transmit! id  more  energy 

to  it  than  it  h.i  I  P  has  compromised  the  body  11  by  giving 

a  greater  dash  forward  than  was  expected.  Under  the  circumstances,  matters  are 
adjusted  by  the  propagation  of  a  wave  of  opposite  phane  in  the  1km ly  II.  ll'<  i.h  of 
these  waves,  the  reflected  and  the  transmitted,  be  regarded  separately  as  containing 
so  much  energy,  the  sum  of  their  energies  may  appear  to  exceed  that  of  the  original 
ware.  The  whole  vibrating  matter  must,  however,  be  regarded  as  forming  one 
system.  In  this  system,  a  compression  in  one  wave,  and  a  dilatation  in  another, 
produce  a  relative  motion  amounting  only  bo  theii  difference  ;  and  this  is  the 
motion  of  the  system,  the  energy  corresponding  to  which  is  ojual  to  the  energy  of 
the  original  vibration. 
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stance  while  the  rest  is  still  moving  with  comparative  rapidity  in 
the  »rer  medium. 

In  Fig.  66  let  AB  be  the  wave-front  in  the  rarer  me<lium  ; 
CD  the  surface  separating  tin-  ilenser  from  tlie  rarer  medium ; 
A'B'  a  position  at  which   tin-  w.tve-fn.nt  would  have  arrived  if  it 

FlgM. 


f't 


I  not  anoonntazed  the  denser  ntbitum     The  lines  lb',  n\  ,i,i\ 

.  are  normals  to  the  incident  wave-front,  meeting  the  1  i  n •  -  GD 
ill  I  etc.     The  angle  BAB'  between  the  wave-front  and 

surface,  or  fOfl  helween   the  direction   of  the  incident   wave 
and  the  normal  to  the  surface,  is  called  the  <>,u//r  of  imi<lau-r. 
Let  us  suppose  that  the  velr>city  of  propagation  in  the  de 
incdium  is  §  of  that  in  the  rarer.     Then  with  centres  A,  b",  e  ,'!', 
,  and   radii  =  §  A  A',  $  h"h',  §  ce\  etc,  draw  circles.      The 
A"W,  which  is  thei-  m   tangent,  indicates   the   position 

of  the  wave-front  at  the  end  of  the  time  during  which  it  would 
have  advanced  t  ■  A'B'.  The  wave  has  been  rendered  somewhat 
limader.   and   has  changed  its  direction.      Tl  Al'/A"   01 

n'Or  is  called  the  "angle  of  refraction." 

lull  .  AA" :  AA' : :  2  :  3  ;  l.ut  I  triangles  AB'A*,  AB'A-, 

ire  lee  that  AA"  :  AA' :  :  wn  L  AB'A"  :  sin  L  AB'A'. 

■in  ang.  rcfr.   _  .  ^  velocity  in  denser  medium 

m  LABGa7  ™  «in  ang.  incid.  Telocity  in  rarer  medium 

v«-l.  in  iIlmiwt  B  1 

Generally,  if  — r—- r"  "  ~     °  fraction, 

v.-l.  in  ram  ■  n, 

BOg  incidence  =  /i  x  *in  ang.  iv-fraction,  and  /x  is  • 
the  "Index  of  refraction"  «.f  the  denier  anbstance  as  compared  with  the 
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This  formula  shows  that  in  Fig.  fib"  if  JO  indicate  the  diree- 
D  of  the  hidden tj  Of  thai  of  the  refracted  wave;  nO»' 
normal  to  the  plane  refracting  surface;  if  a  circle  be  drawn  with 
atre  O  and  any  radius, — the  lines  iQ  and  Of  will  cut  it  in  1 
id  II ;  from  I  and  I{  draw  lines  at  right  angles  to  mi',  as  in 
the  figure.  These  lines  always  hear  to  one  another,  whatevi  i 
the  angle  of  incidence,  the  same  ratio  as  the  Velocities  in  the 
ctive  media,  and  this  law  defines  the  relation  of  the  angle  of 
ii-n  to  the  angle  of  iDOidenoa  An  equivalent  construction 
15  given  in  Fig.  1  Si'. 

Refraction  of  a  wave  at  a  surface  :  General  construction. 
— Lei  AB  be  an  advancing  wave-front,  CI>  the  bounding  surface 


rigjr. 
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of  a  denser  medium.  Let  the  assumption  be  made  that  each 
reral  element  of  the  wave-front,  as  long  as  it  is  in  the  same 
medium,  travels  mainly  in  tin;  direction  «>t  the  normal  drawn  to 
it.  In  this  way  the  whole  wave-front  is  always  simply  related 
to  all  its  previous  forms,  all  the  parts  of  it  having  at  any  instant 
.ll.il  along  their  respective  normals  to  an  equal  extent  during 
any  given  interval  of  time  ;  ami  a  line  onoe  normal  to  the  wave- 
it  is,  if  produced,  always  normal  to  it  as  long  as  it.  travels  in 
the  same  isotropic  medium. 

Then  u  number  of  these  normals  to  the   incident  wave, 
aa'  in  the  figure,  are  drawn  equal  to  each  other,  and  of  length 
•itly   great   to  enable    the   surface   to    Cut   them    all.      The 

- pud  normals  are  joined;  in  this  way  a 

produced  which  indicates  the  form  that  the  incident 
wave  would  have  assumed  had  it  travelled  thus  far  in  the  original 
medium.     Lines  uurti  o  normal  to  EF.     \\ .  s. ,  .  i  _ 

ita  of  these  normals,  such  as  da',  cut  off  between  CD  and  EF. 
1  _  velocity  in  denser 


The  fraction 


/i       velocity    in    rarer 


t  now  be  known.     From 
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da'  cut  off  da" ,  which  is  to  da  as  —  :  1 ;  with  d  as  a  centre,  and 

/* 
da'  as  radius,  draw  an  arc  of  a  circle  through  a*.     Treat  similarly 
all  da's  fellow-normals.     A  number  of  arcs  are  thus  obtained,  to 
which  the  common  tangential  curve  must  be  drawn.     This  gives 
the  form  of  the  refracted  wave-front. 

This  having  been  obtained,  normals  may  now  be  drawn  to  it ; 
these  will  not  in  general  coincide  with  aa'  and  its  fellows.  By 
measuring  off  equal  distances  along  these  normals  to  the  refracted 
wave-front,  all  the  future  forms  of  the  refracted  wave  and  all  its 
apparent  past  forms  may  be  ascertained. 

Refraction  of  a  spherical  wave  at  a  plane  surface. — Let  a 
spherical  wave  whose  centre  is  at  F  strike  the  plane  surface  RS 


and  enter  a  denser  medium.  The  wave  would  at  a  certain  instant 
have  arrived,  say  at  a'b'c'd'.  According  to  the  preceding  con- 
struction, lines  aa",  bb",  etc,  are  cut  from  aa',  bb',  etc.,  to  which 
they  respectively  bear  the  constant  ratio  1  :  /a.  Arcs  are  drawn 
with  centres  a,  b,  e,  d,  etc.,  and  radii  aa",  bb",  cc",  da",  etc. :  the 
common  tangent  BCD — a  curved  line — is  found:  this  gives 
the  form  of  the  refracted  wave  in  the  denser  medium ;  it  is 
hyperbolic. 

Normals  may  now  be  drawn  to  this,  by  means  of  which  the 


1 1 


INFRACTION  OF  WAVKS. 


127 


future  and  the  apparent  past  forms  of  the  wave  may  be  traced 
<>tit.      In  the  denser  substance,  as  it  travels  onward  1  the 

bvptrhuli.itl  f.um ;  and  if  the  normals  JB,  cC,  etc.,  be  traced  back- 
wards, and  such  equal  lines  as  BB',  CC,  etc.,  measured  off  along 
;n,  all  those  hypothetical  wave- fronts  may  bfl  drawn  from 
which  the  wave-front  as  it  travels  through  the  denser  medium  pre- 
sents the  appearance  of  having  been  developed.  On  tracing  back 
far  enough  we  find  Lliat  the  wave  appears  to  he  developed  from 
a  wave-front  convergent  not  upon  the  centre  F,  but  through  a 
caustic  the  apex  of  which  is  at  CI,  where  OG  is  to  OF  as  /a  :  1. 


Problem. 

A  spherical  convergent- wave  meets  the  plane  surface  of  a  refracting 
sabetance.  By  construction  show  that  the  wave  converges  through  a.  wagt&O, 
the  distance  of  whose  apex  from  the  surface  is  less  than  that  of  the  nfgl 

:e  in  the  ratio  of  1  :  ft. 

Passage  of  a  wave  through  a  parallel -sided  sheet  of  a 
denser  substance. — At  its  entrance  into  the  denser  substance, 
wave- front  becomes  hyperbolic;  at  exit  every  part  of  the 
wave  resumes  the  direction   which  had  pertained  at  the  instant 
of  the  first  refraction  to  thnt  part  of  the  wave#front  from  whicli  it 
had  been    developed,  and    thus   the  wave-front   again  approxi- 
mately, but  not  exactly,*  resumes  its  original  spherical  form.      In 
68    the  part  of  the  wave-front  which   passes  through   a  is, 
when  the  wave  approximately  resumes  its  spherical  form,  again 
refracted,  so  that  that  element  assumes  a  direction  parallel  to 
original  direction  Fa. 

Approximate  Foci — In  Fig.  68,  if  of  the  hyperbolic  wave 

in  the  denser  medium   only  a  limited  portion   in   the  centre  be 

considered,  it  will   be   found  to  approximate   very  closely  to  a 

ill  arc  of  a  circle   whose  radius    is   Go.     We  have   already 

learned  to  express    this   by  Baying  that  its    radius  of   curvature  is 

Lingly    the    incident    wave -front   he    narrow,    the 

refracted  wave-front  appears  to  have  diverged  from  a  group  of 

{•oints  in   the   immediate  neighbourhood   of  G,  the  apex   of  the 

.3tic;  and   the    narrower   the    incident    wave,   or  the   less    its 

more  nearly  will  it  appear  to  come  from  a  single 

i'it.  the  very  apex  of  the  caustic  itself.     Similarly  in  Fig.  64, 

the  narrower  the  incident  wave  is  iu  comparison  with  the  breadth 

of  the  curved  reileeting-surfuce,  the  more  nearly  will  the  reflected 

*  An  object  seen  through  a  pane  of  gloss  is  never  as  distinct  as  the  same  seen 
through  the  intervening  air  alone. 
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wave  converge  on  the  very  apex  of  the  caustic,  the  centre  of  the 
sphere.  Consequently  these  points,  the  apices  of  the  caustics, 
are  approximate  foci  For  comparatively  narrow-fronted  waves. 

Utility  of  the  idea  of  "  Rays  "  in  geometrical  construction. 
— All  i  acting  did  I  lorn  grounded  on  considera- 

tion of  the  various  forms  assumed  l>v  the  wave-front :  we  have 
shown  that  any  form  may  be  developed  from  any  of  its  pre- 
decessors by  taking  each  point  in  that  predecessor  as  a  centre  of 
disturbance,  ami  drawin  ircles  of  appropriate  radii  which 

indicate  the  extent  to  which  the  disturbance  has  travelled  ;  than 
B  circles  the  common  tangential  line  denotes  the  develops! 
form  of  the  wave-front:  we  found  that,  in  simple  cases  every  line 
normal  to  any  wave  was  normal  to  all  those  developed  from  it, 
and  to  all  those  forms  through  which  it  had  passed ;  in  all  this 
it  being  sup|>osed  that  the  medium  was  one  in  which  the  velo; 
osmiaaion  was  the  same  in  all  directions. 

We  also  made  an  assumption  that  when  the  form  of  tin-  ori- 
ginal wave  was  complex  and  the  medium  iaoh  /  the  same  law 
applied;  that  the  maxim  once  a  normal  always  a  normal 
was  true ;  that  there  was  no  lateral  expansion  of  the  wave-front 
beyond  the  limits  indicated  in  a  diagram  by  lines  set  down  to 
represent  such  normals.  The  assumption  is  approximately  true 
only  in  special  cases — in  general  there  is  lateral  expansion  of  the 
wave-front  beyond  such  limits ;  but  on  reference  to  what  was 
said  in  connection  with  Figs.  58  and  '.7.  we  are  reminded  that 
it  is  possible  for  us  to  conceive  a  point  of  disturbance  on  a  wa 
front  as  one  in  a  vridt  apcrtin-i ■ ;  and  hence  if  the  wave-leu. 
be  very  small,  the  wave-front  propagated  from  eaeli  little  element 
of  the  wavi-surfaie  travels  along  the  normal  to  that  element. 
In  any  case  this  is  never  an  absolute  statement,  and  there  is 
always  more  or  less  lateral  divergence ;  but  as  a  first  approxima- 
tion of  sufficient  value  for  most  purposes,  it  may  be  said  that  in 
an  isotropic  medium  (where  the  velocity  of  propagation  is  e<{' 
in  all  directions)  the  wuve-1'ront  is  developed  from  all  its  prede- 
cessors along  their  common  normals  ;  that  this  is  nearly  the  case 
when  the  wave-length  is  comparatively  short:  hut  the  greater 

proportionate  length  of  the  wave,  the  more  lateral  expansi' »u 
is  there,  and  the  less  able  would  we  be  to  find  the  form  of  the 
wave-front  at  any  moment  bj  exclusively  considering  the  normals 
to  its  previous  forms.  If,  however,  the  wave-length  be  compara- 
tively  short,  we  may,  by  considering  the  normals  only,  erect  in 
a  diagram  the  scaffolding  on  which  the  form  of  the  wave-front 
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v  be  constructed.     In  reflexion,  for  instance,  as  in  Fig.  64, 
noiii  %y  be   drawn  to   tin-   front  of   the  incident  wave;   the 

reflected    wave  il  of  such   a  form  that   each    normal  to   it  makes, 

A  the  corresponding  norma]  to  the  reflecting  surface,  an  us 
equal  to  thai  made  by  a  aormal  to  the.  incident  wave.     But  the 
wai  itself  mi.-.  been  omitted  from  the  diagram,  and 

ding  focus  und  caustic  would  have  bean 

bainad     Then   attention   might  be  fixed  on  the  normal  lines, 

and  on  the  way  in  which  these  change  their  direction  on  reflexion 

•n.      They  might   he  treated  as  if   they  were   p 

ami  might  receive   special   Dames.     Tins  has  actually 

happened.      The  im  traight  lino  drawn  at  right  anyle 

the   wav»'-fnuit  at  any  point    has  been   called  a  "  ray  "   passing 

through  that  point      Bach  ray  is  Straight^  for  the  normals  present 

alv*.  Btion;  and    of  all    wave-motion — such   as 

light — which  does  ii o\  expand  perceptibly  beyond  the  limits  laid 

down  for  it  by  its  normals,  as  in  Pig,  57,  the  progress  is  described 

Baying  that  its  rays   trawl  in  Straight  lines  as  long  as  it  is  in 

the  same  medium.     This  mode  of  expression  has  both  advantages 

advantagea     It  leads  to  the  assumption  that  a  dr 

wn.  is  a  divergent  "pencil"  of  rays,  each  of  which  is 

somehow  distinct  from  its  fellows;  it  leads  to  these  rays  being 

sd  as  themselves  reflected,  red  etc.;  it  isolates  the 

i  those  phenomena — those  of    Light — in  which    n 

approximately  follow  their  normals  onlj  from  those  in  which  this 

ajiproxiiiiatu.il    is    much   less    complete,  as   in    the  case  of  Sound. 
On  the   other  hand,   it  pre  -taiii   advantages;   it  simplifies 

enables   any  problem  to  he   reduced   to  its   sim] 
elements  by  an  absolute  rejection  of  all  lateral  disturbances,  and 
of  the  effects  produced  by  any  parts  of  the  wave  other  than  those 
at  th<  of  the  fronts  crossed    by  the  normals;   and    it 

results  which  in  the  theory  of  Light  are,  up  to  a  certain  point,  of 
accuracy.  This  advantage  persists,  however,  up  to  a 
certain  point  only,  and.  as  a  whole,  a  habit  of  referring  the 
phenomena  of  wave-motion  t..  the  form  of  the  wave-front  is  to  be 
pi  eft*  led  we  shall  make  free  use  of  the  device 

of  refer*  i  whenever  it  is  found  convenient  to  do  so. 

be  verified  that  the  path  traversed  by 
every  dement  of  the  wave  in  the  rarer  medium,  together  with 
fi  x   th.  -I'd  in  thi  .  is  a  constant  quantify. 

Ptolemy's  Law. —  If  b  ray  pass  from  A  to  I».  striking  Bome 
of  a  plane  reflecting  Burfaoe  in  its  course,  and  being  thence 

K 
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reflected  to  B,  there  is  no  path  from  A  to  B  vid  any  jioint  of 
the  mirror,  so  short  as  that  actually  traversed  by  the  ray.  under 
the  law  of  reflexion. 

Fennat's  Law.— If  a  ray  puss  from  A  in  one  medium  to  B 
in  another,  there  is  between  these  points  no  path  whicli.  the 
relative  wl«  cities  in  the  two  media  being  taken  into  account, 
QOQld  l>e  traversed  in  so  short  a  time  as  that  aetually  traversed 
under  the  law  /i  sin  ang,  refr.^sin  Bug,  incid.  If  the  construc- 
tion he  attempted,  it  will  l)e  seen  that  the  aetual  law  allows  the 
ray  the  greatest  possible  proportion  of  time  in  the  rarer  medium. 

Superposition  of  simultaneous  wave -motions  on  an  in- 
definite cord. — We  shall  line  simply  dismiss  tin-  single  ease 
in  which  two  equal  waves  travel  in  Opposite  directions  on  the 
same   cord.     In  Fig.   G9  are  seen  two  waves  approaching   one 


another  on  a  cord  of  indefinite  length  ;  they  meet  at  A.  and  pass 
through  one  another.  Where  crest  meets  crest  and  trough  trough. 
as  at  A,  the  amplitude  is  doubled  ;  when  crest  meets  trough,  as  at 
B  and  C,  there  is  no  movema  li  the  waves  are  passing 

Ihrongh  one  another:    H  and  C  are,  (faring   this  mutual  interfer- 
of  the  waves,  non-vibrating  or  "nodal"  points,  between 
which  the  ooxd  vibrat 

If   the  \\a\es  had  been  equal,  but  opposite   in   phase,  so  ti 
crest,  met  trough  at  A,  then  A,  the  point  of  meeting,  would  have 
been  a  nodal  point. 

The  two   node!    points,  B  ai  seen  to  be  at  a  distance 

of  half  n  •ith  from  each  other. 
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If  the  waves  Booting  each  other  hid  boon  indefinitely  aumer* 

OUft,  the  interference  would  occur  in  every  region  of  the  indefinite 

I  there  would  be  on  indefinite  number  .»!'  nodal  points, 

i  wave-length  distant  bum  each  other.     In  Fig.  70 
-   are   seen   running  on  an   indefinite    cord,  ami   the    nodal 
Dints,  where  canst  meets  trough,  arc  marked  with  crosses. 

Flf.70. 


Cord  of  definite  length, — In  Fig.  70  let  us  limit  our  utten- 
i  to  a  pail  i if  the  string  comprised  between  two  nodal  points, 
say  between  0  and  X.  Within  this  Limited  part  of  the  string  we 
obeene  two  waves  running  in  Opposite  directions,  the  crest  of  one 
meeting  tlie  trougb  of  the  other  at  four  points:  there  are  five 
loops,  Oftch  of  which  is  equal  to  half  a  wave-length ;  the  centres 
ol  the  loops,  the  points  of  greatest  vibration,  are  the  points  A,  B, 
I      ■■.  ,i'.  •    : ■•]•■    I    Ifl  here  equal  to  £  of  OX 

Nodes  and  Loops. — If  the  points  0  and  X  in  Fig.  70  had 
been  the  ends  *.A'  the  string,  and  if  it  had  been  possible  in  OX  to 
establish  two  waves  each  of  wave-length  =  j  OX,  these  meeting 
one  another  so  that  trough  always  coincided  witli  crest,  the  neces- 
sary result  would  be  a  continuous  vibration  of  the  cord  in  five 
segments,  marked  off  by  tour  non-vibrating  points,  and  these 
segments  would  always  be  in  opposite  phases  of  vibration. 
The  vibration  would  hi  such  a  case  be  said  to  be  Stationary 
Vibration. 

This  is  precisely  the*  case  where  a  wave  running  from  0  to  X 
meets  its  own  reflexion  returning  from  X  to  O.  If  the  wave- 
length be  j.  g,  gj  ]  length  of  the  cord  ().\,  the 
result  of  the  composition  of  the  wave  and  its  reflexion  will  be  a 
stationary  vibnition,  in  which  the  string  will  vibrate  in  the  first 
case   as   a  whole,  or   in   the   ..tiers   in   two,  three,  four,  five,  ei 

ints  or  Loops,  separated  by  non-vibrating  points 

Vibrations  of  a  cord  whose  extremities  are  fixed. — A 
string  acted  DO  by  any  force  tending  to  bring  the  particles  back  to 
their  mean  position,  and  varying  as  the  displacement — a  criterion, 
as  we  have  seen,  of  harmonic  motion — will  thus  enter  into  vibra- 
tions of  a  t  ping  Fourier's  law,  and  in  the  general  sense 
any  periodic  dial  h   a  cord  will  be  compounded  of 


132 


KIN'KMAl 


[inxr. 


Flg-71 


vibrations  such  as  those  shown  in   Fig.  71.     These  simultaneous 
vibrations  will,  as  regards  amplitude,  ba  independent  <>f  OOfl 

another,  and  will  also 
from  moment  to  moment 
necessarily  differ  in  their 
relative  phase.  The  whole 
motion  is,  however,  ]" 

odic. 

If  a  point  situated  in 

the  loop  of  uiiv  one   of 

these    harmonic   OOf&pCH 

nenta  be   held   fixed,  the  corresponding  oscillation   is   prevented. 

If  the  centre  of  a   vibrating  string  lie  touched,  the  oscillations 

n. responding  to   the  whole   string,  to  one-third,  to  one-filth,  ate, 

— all  the  odd  components — are  suppressed,  and  only  the  even 

components — those,  namely,  which  already  have  B  node  at  the 

point  tixed — are  allowed  to  go  on.     If  the  string  be  touched  at  J 

of  its  length  from  the  end,  all  vibrations  except  those  correspond- 

string  string  string  .         lM,       ..        <.    ., 

ing  to         ",  ,  ,  etc.  cease;  these  still  continue,  tor  the 

9  0  v 

effective  fixing  of  their  nodes  does  not  affect  them.      Similarly,  it" 
the  string  he  held  steady  at  a  point  £  of  the  string-length   from 
the  end,  the  4th,  8th,    12th,  1  Gtli,  etc,  components  remain  an- 
ted, while  all  the  rest  are  stopped. 

Longitudinal  vibrations  of  a  string  or  rod — for  I  rod 
acts  in  this  case  like  a  bundle  of  parallel  strings — whose  ends  are 
held  fixed  oljey  the  same  principles  as  transverse  \il  ant  ions. 
Fourier's  law  holds  good;  and  if  any  point  l>e  held  steady,  those 
component  vibrations  which  have  a  node  of  displacement  at  the 
point  held  steady,  and  those  components  only,  will  remain  un- 
affected In  longitudinal  vibration,  where  there  is  the  ■_•!« -a test 
displacement  there  is  least  actual  change  of  density ;  and  at 
the  extremities  of  a  rod  fixed  $A  both  ends,  and  at  the  mi 
while  there  is  no  displacement,  there  is  a  maximum  change  of 
it  v. 

If  longitudinal  vibrations  occur  in  a  string  or  rod,  or  in  a 
cylindrical  mass  of  gas — such  as  the  air  in  an  open  organ-pipe — 
which  is  free  at  both  extremities,  it  is  plain  that  at  the  free  ends 
there  can  be  no  change  of  density,  but  that  there  is  freedom  of 
mo  hence  each  extremity  must,  as  regards  displacement, 

be  the  centre  of  a  loop.      The  component  vibrations  which  make 
up  tli"  |  motion  in  such  a  case  are  such  as  those  shown  in 
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In   this   owe,   as  well  as  in  the   preceding,   all    the 
iponents,  even  ami 
odd,  are  possible,  and 
the   w  are-length   of        *" 

the  tloweet  <>r  tn  nda- 
mcntal     vibration     is 

I  to  twice  tin- 
length  ot  tin-  rod 
or    string     vibrating 

itudinally. 

In  these  cast-  tveJengtfc  of  tbe  fundamental  ns  well  as 

of  tbe  concomitant  vibrations  is  determined   by  the  length  of  the   vibrating 

-ig  or  rod  itself.    We  have  seen  that  v  -  — ;  A,  tbe  wav.'-b-ngtb,  may  easily 

be  ftxmd  from  /  tin-  lengta  of  tbe  rod,  far  A  =  21 ;  t,  the  podod,  may  he 

measured  by  aeon>tii  al  tft  graphic  met  bods  ;  these  Wing  experimentally 
known,  we  may  find  tbe  «juotient  A/t  =  r,  the  velocity  of  propagation  of  nn 
"atorv  disturbance  in  a  vibrating  string  or  rod. 

If  the  centra]  particle  of  the  system  of  Fi^.  72,  vibrating 
longitudinally,  be  held  fixed,  those  vibrations  (2,  4,  6,  etc.)  are 
suppressed  which  have  not  their  nodes  at  the  centre  of  the  rod. 
Thus  only  the  odd  COmp  are  left;  but  the  rate,  of  these  is 

unaffected.      If  now  one  half  of  the  rod  were  removed  altogether, 
would   have  remaining  a  rod  fixed  at  Ftg.7a. 

ihe   DM  end.  free   at   the  other,.      This  rod   — 

would  have  component  vibrations,  as  shown 

in   Fig.   73.     A  rod  thus  vibrating  longi- 

Jly  will  have  a  fundamental  vibra- 

whose     wave-length    will    be    four 

ngth  of  the  rod  ;  the  i  onoomi- 

int    components   will    have   wave-lengths 

equal  to  J,  J,  i.  etc.,  of  that  length. 

If  the  same  rod  be  supposed  to  be  set 
longitudinal  vibration,  first  with  both  ends  free,  and  next  With 
one  end   fixed,   the   fundamental   wave-length   will  in   the   latter 
be  doubled,  and  the  period  of  vibration  will  also  be  doubled. 
Nodes  and  Loops  in  a  vibrating  membrane. — A  membrane 
iy  vibrate   in  way   that    certain   lines  may  be  at  rest. 

The  number  of  these  lines,  if  they  extend  from  the  centra  to  the 
umference,  must  be  even,  for  on  each  side  of  a  node  the  direc- 
tions ment   axe  te,  and  there  cannot  be  an  uneven 
number  of  nodes. 
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The  fulfil:*  of  iln-M-  lines  yary  acri.i-.lin-  to  the  thapi  of  tin-  mentmiM 
and  tin-  modi  Of  distlllbailOB.  In  I  w|uarv  nu'riiKrum1,  fog  OWttplo,  ill--  nodal 
Una  mi  m;iI—  two  diagonals — lines  joining  the  centres  of  oppo- 

site sides — liii  mtnooiu  purflel  bo  tfooM — curved  Bass  K>innietrical 

wiili  utre — compK-x  Umfl  obtetmd  by  the  superposit  I 

Of  thea&      In  t  |  in  ular  membrane  we  may  have  concentric  circles,  or  radial 
liHM  even  in  number. 

In  a  circular  membrane  of  wliiclt  the  centre  ami  one  point  of 
the  circumference  are  held  fixed,  the  frequency  of  the  fundamental 
vibration  98868  inversely  as  the  melius. 

The  frequency  of  vibration  of  a  circular  membraue  vibrating 
as  in   Fig.  74   (</)  being  taken  as  I,  that  of  the  same  membrane 

Ft*.7i. 


vibrating  as  in  (b)  is  j  nearly;*  as  in  (c)  £  nearly ;    as  iu  (r/)  2 
nearly. 

Waves  from  two  different  centres — Interference. — In  Fig. 

i  t  A  and  B  be  the  centres  of  disturbance;  A/  the  wave- 
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length:  the  dotted  circles  indicate  troughs,  the  plain  circles  crests 
of  waves.  Where  crest  coimides  with  orest*  1 1 1 e  elevation  ox oom- 
pressiou  produced  will  be  the  sum  of  those  produced  by  each 
wave;    wlien   trough  meets   tnmgli,  the  converse   will   hold  ;    DUl 

when  the  trough  of  one  wave  coincidss  with  the  crest  of  ■nothar, 

if  that  crest  be  equal,  the  resultant  motion  at   that   point  is  null. 
•  Lord  Hi  275. 
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This  is  the  result  of  the  mutual  interference  of  waves.      Join  the 

jMjints   at  which   there   is  liut.viiiiuni   movement,  wliether  of  crest 

•■in  also  those  at  which  crest  and  btOUgfa  coincide:  we 

thus  oi.tain  a  series  of  hyperbolae  indicated  in  the  figure.     Along 

<  >./  there  is  motion  due  to  the  concurrent  effects  of  the  disturb- 
ances at  A  and  15;  Along  bV,  or  a  line  very  closely  approximating 
to  it.  there  is  rest;   a  I  it  ■  -•  incurrence;   along  dd'  ap- 

prox:  i  on. 

The  hypaitailk  lines  66'  an«l  ifif  iroakl  be  line.<  of  perfect  rest  if  it  were 
nut  that  the  "iic-  w.iw  [|  half  a  wave-U-n^tli,  one-mul-a-half  wave-length,  etc., 
Ivelmul  th*  henflt  tli.-  uaplitm  ■;   acpiaL     Tin-  .liwrgcnce 

of  the  true  lines  uf  rot  fnin  the  true  hjhorbola  occasioned  by  this  could  not 
tested  in  the  -liagram,  is  lew.  tl      gmta  the  .li-tance  from  the  centre, 
on«l,  if  the  wave-length  be  very  rnifllj  "ill  approximately  vanish. 

If  these  two  pointa  wore  the  only  centres  of  disturbance,  and 

ii  MX  were  placed  in   tin*  field  of  the  wave,  then-  would 

mi  the  m-i-_rhlii )iu i I  of  l>',  'I',/'. 

Propagation  of  waves  along  normals. — The  principle  has 
already  stated  (see  Flgi  54)  that  the  propagation  of  any 
famft  is  due  lo  the  sum  of  the  effect!  pxodoeed  by  all  the 

joints  of  it  acting  as  centres  of  disturbance. 

Lot    AM  in    Rg    76    be   a  wave -front   whose  normal  at  the 
point    X  is    XI'.      Trace   the  effect  of   the  wave-I'mut    when   the 
-length    ii   comparatively    small.  Ftr.7e. 

•  point  1'  00  the  normal  ; 

: rally.      From   V  as  a 
iw  circular  arcs,  whose  radii, 

!\X.  Pa.  W,  lv.  IV,  etc,  differ  ton 

une  an. iiber  successively  by  half  a 
wave-length.      The   disturbance  cau>cd 

by  the  movement  of  Ne  is  to  some 

i  counteracted  by  that  derived 
from  ab,  a  m  he,  counter- 

acted by  that  from  OflT,  and  80  on.     But 

Sa  is  greater  than  ab,  ait  than  be,  I  d,  and  so  on.     On  the 

ether  riretunetance*  we  similar  j  and  thus  on  the 

le  P  is  disturbed  by  the  wave-front  on  both  sides  of  N. 

If  on  the  other  hand  the  point  V  be  considered,  it  will  be 
seen  that  if  m  front  be  wide  enough  in  comparison  with 

die  wave-length,  the  disturbances  radiating  from  it  interfere  with 
one  another;  for  joints  on  the  wave-front  tan  always  be  chosen 
and  act  <itt*  in  pairs,  differing  in  distance  from  V*  by  half  a  wave- 
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length  ;  and  consequently  there  is  no  disturbance  produced  at  any 
such  lateral  point   as  V  hi/  th>-  car,  ■>(  X,  and  the  wave- 

front  travels  along  the  normals  without  any  lateral  expansion. 

The  narrow  Eronl  or  the  greater  the  wave-length, 

the  greater  will    be   the  difficulty  in    this   construction,  and   the 
aer  will   he   the   lateral  divergence  of  the  wave.      The  wave- 
front   must    In*  at   least    one    wave-length   in    breadth    before  this 
construction  l>egins  to  become  possible. 

Effects  of  a  screen. — In  the  figure  To  we  may  neglect  the 
influence  on  I'  of  the  part  of  the  •  id  d,  for  the 

extent  to  which  it   disturbs   1*  is   very  small.      If  a  screen   v. 

thrust  between  the  wave-front  and  the  point  i\  bo  m  to  out  off 
the  influence  of  the  part  nt.  the  disturbance  of  V  would  be 
increased .  if  the  screen  come  to  h,  the  motion  of  P  will  be  less 
than  at  first:  if  it  come  to  ".  it  will  he  greater  than  If  then-  were 
do  screen:  it*  to  X  it  will  l>e  less,  being  about  one  half  of  the 

original  amount.      If  the  screen  he  pushed  still  farther,  1'  will,  in 

the  same  way,  be  in  more  or  less  active  notion  Recording  to  the 

it  ion  of  the  sen-en.       The  waves  therefore  pass  round    the  edge 

••f ,  i  ii,  prodncing  fringes  of  alternate  maximum  and  mini- 

mum motion.     The  possibility  ..!  this  result  depends  on  the  small- 

OJ    the   w:i\v-len_'t1l. 

Effect  of  a  very  small  screen. — If  a  wave- front  be  fail 

rusted    Dt  a  very  small    screen    placed    so   as    to    allow  the    Wl 
motion  to  pass  it   all   round   its    edge,    I  II    that   dis- 

turb  ound    this  obstacle   produce,  even  behind  the 

screen,  hyperbolic  fringes  of  maximum  disturhanee.  between  whi'h 
then     D  alll    Q       I      Of   minimum    di>tui  lnuee 

where  crests  coincide  with  troughs;  and  that,  further,  even 
beyond    the    shadow  of    the  screen,    there    are    h\  peibotfa    fringes 

oi   maximum  and    minimum   disturbance     The  of  the 

shadow  of  the  screen  b  B  ipot  of  maximum  disturl-.mce. 

Wave  traversing  an  aperture. — The  same  kind  of  diagram 
shows  that  i  wave  whost  length  ia  small,  patting  through 

an  ajx'rture,  give  (l  maximum  and  minimum  disturlwmce 

beyond    the  a4g8  Of  the  !  f  CnrioUS  result    is.  that 

a  Wave-front  passing    through  an  aperture  may  produce  no  hum 
meat  in  a  point  situated  immediately  opposite  its 
may  be  complete  int<  h.  tw.-.-n  the  waves  |  ram 

those  from  the  1 1  gfons  of  tin- 

Relation  of  the  wave-length  to  Fringes. — The  position  of 
the  fringes  dependi  on  the  wave-length.     The  smaller  tie-  wave- 
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length,  the  nearer  to  one  another  will  the  fringes  be.  If  the 
incident  wave,  diverging  from  a  point,  be  compound,  each 
component  will  form  its  own  set  of  fringes  without  reference  to 

Tig.Tt. 


the  others ;  and  any  particle  within  the  field  of  fringes  may  be 
stationary  as  regards  one  of  the  component  vibrations,  while  at  the 
same  time  it  is  affected  by  the  others. 

Emenry  of  S.H.M. — The  Energy  of  a  S.H.M.  is  proportional  to  the 
Square  of  its  Amplitude.  The  angular  velocity  is  constant,  for  S.H.M.'s 
are  isochronous  ;  the  velocity  in  the  circle  of  reference  varies  as  the  radius, 
i.e.,  as  the  amplitude  ;  the  Energy  varies  as  the  square  of  the  velocity  with 
which  the  body  executing  the  S.H.M.  passes  the  midpoint ;  this  velocity  is 
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the  same  as  the  velocity  in  Ike  circle  of  nbiaM  ;  therefore  the  Energy 
vmii-  M  of  the  amplitude. 

If  a  S.H.M.  be  wholly  in  ...lie   plane,  its  energy  is  wholly  kinetic  as  the 
moving  body  piMlffl   the  mid-point  with  v i •  ] .  ■  |    BOjQfl  to  he 

If  another  S.H.M.  of  equal   amplitude  ami  period,  and  in  the  same  ] ■'■. 
with  the  former,  be  compounded  with  it,  the   amplitude   is  doubled,  tad 

rgy  therefore  quadrupled  ;  there  moat  therefore  W  a  draft  of  energy  from 
elsewhere  before  this  superposition  i  illy  occur. 

Ener^ry  of  Conical  Pendulum. — If  with  ocm  S.H.M.  there  Ik-  coni- 
poui  flier  s.H.M.  of  equal  amplitude  end  period,  but  in  n  plane  at 

right  anglai  Bo  the  former,  the  energy  of  the  eompoBnded  movement  is  simply 
■lonble  that  of  either  of  the  componenta  Iii  v i « ritlai  motion  these  two 
s.H.M. 's  differ  by  I  period  ;  when  the.  energy  of  tin-  one  Is  wholly  kinetic 

■f  the  other  is  wholly  potent  i.il,  .mil  vice  rertd ;  while  in  intermediate 
pQtItiou  the  one  has  gained  ax  much  [Htteutial  or  kiin-iie.  energy  a-  the  other 
haa  lost ;  so  that  the  UDOUOtof  kin.  [a  OOntiBUOUll]  the 

amount  of  potential  energy,  ••■nil  of  these  being  }me*«  Tlie  whole  energy 
of  a  eironlar  movement  of  velocity  »,  irhea  the  moving  body  i*  ettxnctsd 
towudi  the  oentre  by  ■  bm  which  varim  directly  m  the  distance  boo 

centre,  is  iii  half  i-  kinetic,  half  potential. 

Energy  of  wave-motion. — The  energy  of  ■  "live-motion  \»  equally 
divided  between  the  potential  and  the  kinetic  forms.     Let  m  iir>t  sontJder 

a  linear  wave:   at  A  ml  al  the  tTOttgh  t In-  whole  energy  U  potential  ; 

midway  betveen   Cieet  Bud    trough   the  energy  of  the  particles  as  tie -v  pa-« 
through  their   mean    j" .  1 1  i. .n   i    wholly  kinetic  ;  elsewhere    all   the   parti.  I.- 
are   Hyuimctric.tlly  and    continuously  losing    potential  and  gaining   kin 
energy,  or  gaining  potential  while  losing  kinetic  energy  ;  the  gains  nrasj  be 
c[uul  to  the  losses,  for  there  is  in  the  type  of  vibration,  ami  no 

ohengS  CO  the  amount  either  uf  potential  or  of  kin-  tic   energy  (friction   I- 

imagined  absent).     Henoe  the  wfc  I   divided  into  two 

cptal  nioi.ti.-s,  kirn-tie  and  potential  in  their  respective  forms.      In  a  cir.  ulnf 

wave  the  kin  gy  is,  under  the  name  supposition,  le  "1  Its 

absolute  amount,  and  the  potential  energy  been  to  it  the  bum  syjiuueti     1 
quality.      So  lor  tridimensional  wa\ 
Tin-  Energj  •!  tridimenetona]  waves  i*r  enbicem.  Is  numerically  equal 
to  the  pn  square  « m.,  which  I  on  the  bounding  mneee  in 

iUBqneiK e  of  the  eoi  I  n  ed  propagation  of  wave-motion.     This  is  equal,  if 
v  be  th>  -inn.  /)  the  deneuyi  s  the  maximum  ve 

vibration,  to  ftpv.v*  dynes  |*-r  eqUi  cm. 
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\eral  rnopnsirioNs  relating  to  tin-  possible  forms  of  Motion 
rind  their  parallel  in  those  relating  to  Forces.  The  formula 
/■=ztno,  already  established,  shows  that  every  force  is  measur-,! 
by  the  quantity  of  motion  produced  in  unit  of  time.  In  this 
way  we  tee  that  the  truth  of  the  propositions  entitled 
Parallelogram  of  Velocities  and  that  of  Accelerations  involves 
that  of  a  similar  proposition  in  regard  to  Forces.  Two  forces 
acting  on  a  single  particle  produce  the  sane-  result  as  would  be 
produced  if  a  single  force  were  aeting  on  it  represented  in 
magnitude  and  direction  by  the  diagonal  of  a  parallelogram,  the 
adjacent  sides  of  which  represent,  in  the  same  respects,  the  two 
simultaneous  forces.  This  is  the  proposition  of  the  "Parallelo- 
gram of  Forces." 

This  proposition  shows  us  that  if  we  have  two  component  forces 

ut  angles  to  one  another,  the  square  of  the  resultant  force 
will  be  equal  to  the  sum  of  their  squares.      Refer  to  Rg.  1  1  ;  h-t 

desired  t-»  apply  force  to  a  particle  lying  at  A,  so  as  to  make 
it  move  in  the  direction  AC:  the  available  force  is  represent 

:itude  and  direction  by  the  line  AD:  then  obviously  this 
force  cannot  exert  its  lull  effect  in  the  direction  AC;  it  is  only 
its  effective  component  in  that  direction  that  can  produce  any 
such  effect  :  this  component  is  represented  by  the  line  AG  The 
other  component  AB,  at  right  angles  to  AC,  can  produce  no  such 
effect  This  is  an  example  of  the  Resolution  of  Forces,  liainly, 
we  may  resolve  any  force  into  two  components  at  any  angle  to 
one  another,  just  as  we  may  so  resolve  a  velocity.  In  tridimen- 
sional space  we  may  resolve  a  force  into  three  components. 
Suppose,  then,  such  :i  question  as  tin*  following 5— —A  pull  is  made 

in  the  direction  AD;   this  pull  is  designed  to  draw  an  ol 
through  a  tube  whose  direction  is  AC:  what  proportion  do  the. 
component  effective  in  pulling  down  the  object  and  the  lateral 
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prcHsuri'  on  the  walls  of  the  tube  respective!}*  bear  to  the  force 
applied  I  If  Fig.  11  (n),  were  drawn  with  the  proper  angle 
GAD=0  between  the  direction  of  application  of  the  force  and 
the  line  along  which  the  objeot  ia  to  be  drawn  •.  then  the  effective 
Component  would  be  represented  by  AC,  and  the  component 
producing  lateral  pressure  by  AB.  Hut  A 15  =  AD  sin  6  ;  AC  =  AD 
cos  $ :  or — 

AB:  AD::  sin  0  :  1 

AC:AD::cos  d  :  L 

lb-nee,  if  AD  K:  taken  as  unity,  All  and  AC  may  easily  be  found, 
if  the  angle  9  be  kaOWQ,  by  finding  the  value  of  Bin  6  and  cos  0  in 
a  table  of  trigonometrical  ratios.  If  AD  have  any  other  value 
than  unity,  the  values  of  sin  &  or  cos  6  derived  from  the  tables 
moat  be  multiplied  proportionately. 

Problem. — A    EbffOt  <»f  50  lbs.  w  applied  to  I  .»<>!   i  LW&dows 

anal   which    the   -solid    body  exactly  tits;   the  angle  $  which   the 

dlmliOD  uf  tni.tii.n   iuak( •  witli   the  axis  of  the  numl  is  2!)  .      What   ||  th«- 

aflaatlfi  oamponent  available  in  pulling  the  solid  body  I  ami  what  ii  the 

pn-ssure  produced  by  the  traction -force  on  the  wall*  of  tli--  .  mml  !  In  Pig, 
1  1  "' ;.  if  0  be  29*,  AD  represents  the  force  applied,  equivalent  to  the  weigl 
a  80-lb.  mass  ;  AC  represents  the  effective  component  =  AD  x  cos  6  ;  AB 
represents  the  component  at  right  angles  to  AC  that  is,  the  detriment*] 
pressure  -  AD  x  sin  $.  Hut  cos  29*  -  '87461 97  ;  sin  29°  =  -4848096.  The 
effective  component  is  thus  •8740197  of  the  fatal  applied — i.e.,  it  is  e<jual 
tO  th.    weight  of  43731  Let]  the  <  t  •  ■  1 1  i  mental  pressure  is  24*2405  lb& 

It  Bee  ins  rather  surprising  that  the  «!!•■■  l  i  •..•  and  lateral  components 
together  should  appear  to  be  so  much  givutor  than  the  original  force  applied. 
Hut  geometrical ly  thin  is  the  same  thou  a>  to  say  that  two  si.h-s  of  a  triangh- 
itre  greater  than  t!  ■  Idt  ;  and  further,  ire  hem  already  seen  that  1 1 

is  no  law  of  the  I  Soon  i  ration  of  Force,  though  there  is  a  law  of  the  Conscr- 

Vatinli  ,,.['  Ku.T-\  .     '|'h.' 

priiiciph   d|  Am  Obn- 
0     «ervati'>n  oi  Baaxgju 

■p —  maintained,  for  the 
energy  iinpalted  in  A 
^iv.-n  time  i.-  pn.|»or- 
rii.nal  to  ■qoaieeof  the 

forces  acting,  end  the 

"ares  of  AB  and  AC 
an  -.jual  to 

the  egnate  of  Al>. 

Experimental 
proof  of  the  Par- 

allelogram  of 
Forces.  —  A  cordt 
two  masses  of  12  and  13  lbs.  WepeeUfelj,  a  pulley,  aud  a  dynam^im  t.  r,  are 
arranged  on  a  beam  as  shown  in  Fig,  7  v      The  string  can  be  adjusted  so  that 
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Khi  alible  BAG  may  hnve  a  wide  mnge  or  1 1  i\  p' »it ion  there  is 

a  corresponding  stress  on  tin-  ilvnnmomcter.      Winn  AB  and  AC  BH  ftt  right 
•nglo  to  on*1  mother,  the  spring  of  tin-  dynamometer  li  polled  out  to  exactly 
the  t<aine  extent  as  it  would  have  been  by  the  weight  of  it  B-Hfc  mass.     Tin 
!  unometer  may  be  repla   d  by  ;i  ft-lh.  DMUM  suspended  over  s  pulley  ;  in 

that  «;!>••  the  cord    would  »>■  ;ulju.-t    itself    that    the    IQglfl  A  would  1><-  a  i 
aiijj!  :>■*+  12*  =  13-,  <»r  25+  144=  16!)  ;   tud  tli«-  law  is  oonflmed 

In  a  similar  way,  the  propositions  known  as  the  Triangle  of 
Velocities,  the  Polygon,  etc,  are  replaced  in  Kim-tics  by  the 
Triangle,  tin*  Polygon,  etc,  of  Forces;  and  the  resultant  force 
is  the  missing  side  of  the  triangle  or  polygon,  of  which  all  tin 
aides  except  the  missing  one  represent  the  various  forces  acting, 
in  jm  ion  already  studied  under  Kinematics. 

In   tridimensional    space   we  have   the    propositions  of    the    parallidc- 
polygon,  eta,  penile]  t<-  similar  propositions 

msdirr  Vela  ity, 

Equilibrium  of  Forces. — There  here  emerges  an  important 
difficult  question  of  nomenclature.      It  may  appear  not  strictly 
-isterit  with  the  definition  of  Force  to  speak  of  two  forces,  equal 
and  opposite,  balancing   one   another  and   producing  no  effect,  as 
being  still  two  distinct  Forces ;  for  the  essence  of  Force  is  acceh-: 
tion  observed     But  it  is  not  more  inconsistent  than  it  is  to  speak 
I  WO  equal  and  opposite  simultaneous  velocities  being  equivalent 
to  rest,  OK  of  two  equal  and  opposite  simultaneous   uecclerati 
resulting  in   no  change  of  velocity.     There  is  no  doubt  that  we 
are  eutitled  so  to  speak ;  and  if  so,  then  we  are  entitled  to  speak 
qual  and  opposite  simultaneous   forces   balancing  OSS  another, 
for  taons  concerning  forces  are  strictly  parallel  to  those 

concerning  velocities  or  accelerations. 

The   in  y  finally  vanishes  when  we  observe  that  the 

Fanes   which   apparently  destroy  one  another  are  not   physical 

i   ntal   artifices,  "paper   bullets  of  the  brain  ;"    and 

that  we  do  cot  really  think  of  them  as  simultaneous :  we  look  first 
to  the  one  and  then  to  the  other,  and  see  that  what  the  one  does 
the  other  undoes;  in  the  end  there  is  thus  no  result.  The 
imaginary  Forces  are  in  equilibrium  ;  the  actual  lwwly  is  in  a 
iit ion  of  Stress  of  some  kind.  But  "  Force  "  is  a  compendious 
phrase,  its  use  saves  many  words;   and   bearing  this  in  mind,  we 

;  iit  that  it  is  often  more  convenient  to  study  the  l.alan 
forces,  each  in  its  turn,  than  it  is  to  consider  the  actual  stressed 
condition  of  the  body  ;  and  thus  while  we  cannot  speak  of  a  single 
actual  motion   produced  or  checked,  we  t sj 
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allow  ourselves  to  speak  of  the  equilibrium  of  the  several  forces 
ing  upon  a  body  at  rest. 

If  we  suppose  a  stone  perched  ngMfl  a  height,  we  nay  that  the  earth 
attract*  it  with  a  definite  ami  metumrabk-  ftooa.  \\t  there  is  no  HHJVttlMBii 
Hi.-,  however,  m  '  ""*  I  d    ■  uwanl  Action  of  the  earth,  an  upward 

Reaction  of  tlie  support  ;    ami   tin-  phaDflmtnOB  jh  an  equilibrium   of  two 
of  wlii.li  \\"  ni.rr  < 'ouhne  our  attention  to  one  only,  tin-  downward 
Force  of  Gravitation. 

So  Wl  may  -ay  that  an  electrified  body,  freely  suspended  at  a  certain 
distance  from  another  electrified  bodj,  M  ut  traded  or  repelled  with  a  definite 
Force  ;  and  so  it  in,  as  w  move  ;  but  if  it  bt  not  free 

to  move,  thv  uttracliun  or  repulsion  is  still  the  same,  hut  is  now  halam led  to 
an  equal  and  opposite  Reaction  of  the  support ;  and  this  Force  and  Rene  i 
together  'I  to  a  Strew.-*,  a  mutual   Pressure  or  Tension,  between  the 

hudy  attracted  Of  repelled  tod  its  support.  Dentil  wc  may  say  that  the  body 
is  ii.  ise  impelled  to  move  (repelled  or  attracted)  with  or  by  a 

certain  definite  Force. 

Centre  of  Figure. — We  Lave  already  seen  that  a  rigid  body, 
of  which  the  several  particles  are  subject  to  accelerations  which 
are  equal  and  parallel  to  one  another,  moves  as  if  concentrated 
at  its  centre  of  figure,  and  as  if  this  were  subject  to  a  single 
acceleration.  A  body  may  thai  be  acted  Upon  by  parallel  fofl 
affecting  its  particles,  the  result  being  the  same  as  if  a  single 
force  had  acted  at  the  centre  of  figure ;  while  conversely,  if  a 
single  force  act  at  the  centre  of  figure,  the  result  is  to  impart 
parallel  and  equal  accelerations  to  all  the  particles,  and  thereby 
to  effect  a  Translation  of  the  body.  Hence  most  of  the  proposi- 
tions of  Kinematics,  which  describe  the  motion  of  a  single  point, 
may  be  transferred  hi  Kinetics,  not  only  as  relating  to  the  move- 
ments of  single  partieles.  but  also  as  relating  to  translation  of 
material  bodi 

Inertia  of  Matter. — It  in  any  system  of  bodies  there  be  no 
fotM  acting,  the  formula  /=  ma  =  0  shows  that  a  =  0,  that  there 

a  if  than  be  no  force  acting,  then  is  no 

change  in  the  speed  with  which  a  body  is  moving,  or  in  its  state 
of  rest,  as  the  case  may  be;  in  other  words,  Matter  has  Inertia. 
This  is  Newton's  first  law  of  motion,  and  it  appears  to  be  here 
derived  from  the  formula;  but  it  will  l>e  rememW'red  that  the 
formula  was  itself  derived  by  implieation  boa  that  law. 

Examples  of  Inertia.  —  Kxamples  of  this  abound.  Collisions 
between  ships  and  between  trains,  which  do  not  Stop  if  there  be 
DOl  sufficient  retard i  it  « .■nmmand  ;  trains  passing  stations 

when  their  at   and    (h.-    rails   are   slippery  ;   I   person 

flatting  oil"  the   stein  of  a  boat   or  the   back  of  a   car,  when  the 
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vehicle    makes   a    sudden    movement   forwards   in  which  his  lwxiy 

m  not  participate;  the  onward  motion  retained  by  ■  rider  when 
bis  horse  stops  under  him  ;  the  jerfc  received  by  I  Inns.-  suddenly 
starting   in  order  to  set  in   motion  a  heavy  waggon  ;  when  the 

ggon  is  running,  il  the  hone   suddenly  stop,  In-   is   bruised.  t<»r 

the  meaeive  waggon  does  not  stop  at  oner;  ■..  mud  duuft 

a   hare    is  carried    I  tool    stop  or  turn   his   path 

iv  at  the  spot  where  the  hare  doubled  or  turned  abruptly 
from  hex  comae;  the  inertia o!  the  dust  of  a  carpet,  when  the. 
carpet  is  beaten — the  carpet  movefl  forwards  at  each  Mow,  but  the 
mains,  and  is  thus  separated  from  the  carpet  and  blown 
away  by  the   wind;  the   inertia  of  dust  when   it  is  Bhnkuu  off  a 

>k — th<-  book  and  the  dust  an-  made  to  describe  I tber  a 

rap  luent  in  the   air — the  book   is  suddenly  arrested  by  a 

smart  How,  while  the  dust  does  not  stop  but  moves  onwards;  the 

the  snow  which  in  the   same   way  is   kicked  off  one's 

boots — the  boot  is  suddenly  stopped,  but  the  snow  goes  on,  and 

is  thus  shaken  off;  the  Inertia  of  loose  grain  cargo  in  a  ship — it 

acquires  a  certain  velocity  when  the  ship  rolls,  and  does  not  stop 

when   the  ship  arrives  at  its  normal  limit,  but  pours  on  so  as 

som  to  make  the  ship  roll  beyond  the  limits  of  safety;    tin- 

oscillations  of  mercury  in  an  ordinary  barometer  at  sea,  the   mer- 

fiang  jerked  Dp  by  each  roll  of  the  ship;   the  inertia  of  the 

|   in  a  mercury  nmnoinet er  used  to  investigate  II uid -pressure 

— the   Variations    in   the   height   of   the    mercurial   column   being 

greater  than  the    real  variations    in    the    pressure,  for  the  mcicury 

itop   moving   when   the.   flu  id -pressure  ceases  to  rise  or 

<  rtia  of  water  in  house  water-pipes  if  it  be  set  to  run 

iddenly  stopped — the  water  is  com]  against  itself 

I  a  violent  jerk  i.-  produced,  which  is  utilised    in    the  hydraulic 
ram  ;  the  inertia  Of  water  in  the   case  of  the  water-supply  of  the 

On  the  L  and  N.W. 

D  — the  engine  puts  down  ft  tube,  the  lower  end  of 

i  the  water,  which  tends  to  remain  in   its 

ground   between  the   rails  and  at  rest  relatively  to 

the  ground;  but  tins  being  a  it  to  a  I  nest 

Iv  to  the  the  water  slips  up  the  inclined  tube  into 

ider  if  the  train  be  moving  at  siiilicient  speed 
Th-  further]  qoenoes  of  the  inertia 

matter:    a  body  mn\  !.  03  pressed  so  suddenly   that  it 

nda  practically  at  rest  during  the  time  that  the  blow  is  being 

lied  or  broken  by  such  a  blow.    A 
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in  of  corn  or  a  grannie  of  gold-quartz,  if  thrown  up  into  the 
iiir  mid  struck  a  bfafl  by  an  iron  bar  moving  at  the  rate  of  about 
180  feet  a  second,  will  be   crushed   by   00  'ii.  and   will   be, 

a  succession  of  such  blows,  very  effectively  pulverised.  Milting 
machinery  has  been  constructed  on  this  principle.     A  bullet  in  a 

>i,  though  oove  onwards,  is  crashed  against  itself  before 

it  fairly  starts,  so  that  tin*  soft  lead  is  moulded  into  the  grooves 
of  the  riftV- barrel  hy  the  rapidly -applied  pressure,  due  to  the 
explosion  of  quirk-hiiiiiiiij  gunpowder. 

Aii'  tlii-r  example  b  ■fibfded  bj  that    inMrimn'iit    witli    the  niil   i»f  vhicli 

M.  Bosap H\  *  hu  mwtjgttcd  the  movement*  <»f  tin-  lujns  during  t li«_* 
emit*#iou  of  -"iinl-.  A  heavy  nuiK-  nf  m.-ial  is  au»pen<led  in  a  li^'lit  fauM 
work  wliii 'Ii  i  tii. I  OVW  tin-  larynx  :  Bfl  this  iua&a  cannot  at  QOM  |»artniputo 
in  tin'  rapid    iii"\vuieiitk-  whi'-h    tin-   viU  itjoa  of  the  1  mmuuiuitcp  li- 

the Light  framework,  it  forms  a  kind  of  find  point,  and  tin-  light  fr. urn-work, 
as  it  -ii  natal  with  tliv   skin  over  the  larynx,  may  strike  the  ha 

ma**  n  series  of  blown  ;   these  may  BfQM  an  electric  I  urrent  to  \te  alternately 
made  and  broken  :  the  nnabet  and  btqwauj  of  these  interruptions  I 
be  rv.  'i  n  tppraorietQ  raeording-iiittiruroeni 

Further,  the  inertia  of  matter  is  a  property  of  retaining  wl 
r   motion    an  object  has,  and   that   in   a   plane   fixed  in  space, 
without  reference  to  tin  uts  of  surrounding  objects 

these  are  so  connected  with  it  as  to  be  able  to  affect  its  motion. 
A  hammock  retains  its  position  in  space  independently,  in  the 
main,  of  tie  pitching  and  rolling  of  tin1  .ship.  The  statement 
would  be  approximately  accurate  that  the  hammock  does  not  swing 
in    the   ship,  but    Chi  hip   BWingB   enclosing  the   hammock, 

which  may  for  any  short  period  "f  time  be  regarded  as  moving 
onward  in  space  with  the  average  Velocity  of  the  ship,  but  inde- 
pendent of  it.  A  long  Bid  heavy  pendulum  set  to  awing  in  one 
plane,  and  connected  by  a  very  slender  attachment  to  the  roof  of 
the  building  in  which  it  is  suspended,  will  swing  iu  the  same 
pla&i    in    abeolnte    Space    though    the   earth   rotate   under  it  :   the 

apparent  result  is,  that  the  plane  En  which  the  pendulum  swinge 
gradually  alters  its  aspect,  so  that  the  pendulum  swings  succes- 
sively ii  tion  The  real  state  of  the  case  is  no4 
that  the  heuvy  pendulum  alters  its  direction  of  oscillation,  hut 
that  the  earth  rotates  or  has  a  component  of  rotation  under  the 
pendulum.  If  a  heavy  wheel  be  lit  in  motion,  it  will  in  thes..: 
way.  if  it  can  rotate  for  a  sullicientlv  Kong  time,  show  the  same 
i  for  it  tends  to  continue  to  rotate  in  the.  aUBfl  plane 
in  space. 

•  Trav.  «lu  Uboratoire  <!«•  M.  Many,  187«$. 
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Momentum. — The  product  mv  of  m,  the   mass  of  a  moving 

body,  into  v.  its  v.-l.iiiv,  in  called  the  .l/«  of  the  body. 

If  a    shell   explode,   its   fragment!   form   a    system  of  bodies 

lllg  at  different  rekx  ili. t&      The  average  Velocity  of  the  eentre 

of  the  whole  system  is,  however,  unci  some  irag- 

1  with  a  greater,  some  at  a  less  velocity  than  that  with 

win".  uell  hud  travelled  before  the  explosion;   but  the  mass 

is  unchanged  though  differently  arranged,  the  mean  velocity 

ii  ia  the  same  as  that  of  the  original  shell,  and  thus 

the  momentum  of  the  whole  system  is  the  same  after  explosion 

Impact.  —If  there  be  two  wda  tie  bodies  of  masses  wt,  and  m0 
respectively,  of  which  the  lirst  moves  with  velocity  vr  while  the 
second  is  at  rest :  if  the  moving  one,  whose  momentum  is  mtvt, 
strike  the  other,  it  will  divide  its  momentum  with  that  other;  it 
itself  will  travel  more  slowly  while  the  other  is  set  in  motion; 
but  the  two  will  travel  together  with  a  common  velocity  Y. 

The  whole  mass  moving  vilk  lllil  WW  velocity  V  is  (w, +  t»i);  it* 
nioDK'iitttiii  u)  equal  tot!  1  Y&,vt  :  bu  ty  V  may  be  found 

by  ►:  equality  into  in  the  form  of  the  equation — 

(m(  +  pj  V  =  m4v4 

Hi    I 

If  the  mass  m^  be  large  in  comparison  with  at.  the  velocity 
V  is  murh  less  than  <\.      [f  a  man  lie.  with  an  anvil  on  his  chest, 

if  tli<-  anvil  be  struck  a  blow  with  a  hammer  relatively  not 
too  heavy,  the  person  lying  down,  if  he  ean  support  the  anvil,  will 
not  he  much  affected  by  the  blow,  for  the  movement  imparted  to 
the  anvil  will  be  slow  as  compared  with  that  of  the  hammer. 

Let  til.-  tan  inelastic  masses  be  f»,  and  m-f  moving  with  the  rMpwUit 
velocities  vt  »u«l  vm%  ami  together  moving  after  impact  with  the  velocity  V  ; 
the  respective  momenta  of  the  masses  before  imp*  I  <l   wu  ,* 

that  i  i  fter  impact  La  (mt  -f  i»J  V.      H 

-  "K'\  ■    ("K  +  "O  V. 

V  -  m'v'+  W«V  (i.) 
m4  +  m0 

It  wan  found  experimentally  bj  Newton  t hat.  in  such  a  case,  the  momentum 
lost  by  one  body  was  •  that  gained  by  the  other,     'I  this 

algebraically,  \t  Kngv  i  .  i  I    r  )>v    ilu 

other 

T,.V-m,r=M.      (S.) 
L 
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from  .nil.  ,-,  with  the  aiii  of  equation  (i)  we  loci 

II  m  */*.<?.-  *A 

Apparent  loss  of  Energy.  —  In  this  ca^e  the  kinetic  enargj  alter  impart 

i...,  j  in..--  x  V-  =  A  (»i  +  i»J      -«-i =-M   =1,      '  u  '     J 

\  \    «»,  +  '",   /        "      "«,  +  "•„      / 

i»  1"  m  '•(  the  kiip-ti  wliii-U  wen  J»»t»,2 

•ltd  imj  Thi>  i  i  If  r'  be  equal  bo  r.,  but  Kb  thai 

case   tin-   tWO  -il'l    1 1   teBVCUfng   in    the   same  direction  with  »M|uul 

speed,  end  the  one  ruiiM  do!  i  rertake  ind  itrike  the  other.    The  onei 
haa  apparently  disappeared  has  aa-Mtniod  the  form  of  B 

Impact  of  Elastic  Bodies. — We  may  hem  anticipate  a  il 
meiit  of  tin'  Baton  of   Kla.sticity  so  far  as  to  say  that  a  perfectly 

elaatdc  body,  poaaonaod  of  a  certain  amount  of  kinetic  energy,  and 

striking  a  perfectly  rigid  body,  will  rtdxtuud,  and  will  possess  as 
much  kinetic  energy  after  the  impact  as  before  it;  for  it  leaves 
ili-'  rigid  body  with  a  velocity  equal  uj  that  with  which  it  had 
approached  it.*  The  meefl  and  the  velocity  being  numerically 
one!  the  momentum  is  numerically  equal  after  impact  to 

that  before  it ;  hut  as  it  is  no  longer  me  but  m  x  ( —  v)  =  — 
it  has  become  negative,  and  has  therefore  altered  by  an  amount 
equal    tfl  If  the   body  he   imperfectly  elastic,  so  that  the 

velocity  ii  not  completely  d,  it  ia  found  experimentally  thai 

it  returns  with  a  certain  fraction,  X,  of  its  original  velocity  (this 
fraction,  X,  being  railed  the  coefficient  of  restitution),  and  the 
change  of  velocity  is   not   2k  hut  (1  +  X)  v;  and  its  momentum 

lias  become  negative  and  =  —  x. run,  io  that  it  has  changed  by 

the  amount  (1  +X)  m 

If  two  masses  mt  and  ■  ,  moving  with  faloaWaB  r,  and  vm,  and   fanned 
of  such  material  that  the  coefficient  of  reotitutioB  between  then  h  A,  • 

oue  mother,  th.-v  will,  alt'  i    impact,  trawl    with  velocities  V    and  V  .      The 

mi. in.  litiim  pined  bj  Che  one  ii  equal  to  that  lost  by  the  other  j  bat  it  is 
in   the  case-  of   inelastic  bodies  where  A  «  0,  simply  to 

.  hut    Io  ft  +  A)  x  that  quantity.      This  equality  of  momenta 

U  expressed  bj  the  equations — 

(l)  Gained  by  m, :  m\\-  mp4  -  (1  +  A)  -•w,--^-_~ 

(£)  I.  m   ;mv    -  m  V   =  il    • 


IctnenUry  theory.  There  in,  however,  do  perfectly  elastic  body, 
Hid  eveu  if  there  were,  a  part  of  it»  energy  would  necessarily  be  ajK-ut,  upon  impact, 
iu  setting  up  vibral  j««ed  of  rebound  could  never  come  up  to 

the  theoretical  limit. 


Whence 
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Take,  as  a  particular  instance,  the  case  in  whi,  b  the  idastieity  is  perfect 
or  the  restitution  complete  (<.*.,  X  =  1) ;  and  the  balll  which  strike  one 
another  are.  of  equal  weight,  no  that  mt  m  m^;  then  V,  =  ft.  Hid  V^  =  *;  »>. : — 

Two  equal  ami  perfectly  elastic  balls  striking  one  another 
directly  in  the  line  joining  their  centres  exchange  their  velocities, 

that  whether  they  meet  or  overtake  one  another. 

Oblique  Impact. — If  a  ball  strike  a  rigid  surface  obliquely, 
its  motion  relative  to  that  surface  may  be  resolved  into  two  com- 
ponents :  one  parallel  to  it,  which  is  not  affected  by  the  impact ; 
'her  at  right  angles  to  it,  which,  after  impact,  will  be  wholly 
or  in  part  restored  in  the  reverse  direction.  Reference  to  Fig.  60 
will  show  that  if  A=  1,  the  angle  of  reflexion  will  be  equal  to  the 
of  incidence ;  while  if  X  be  less  than  unity,  the  angle  of 
reflexion  will  be  proportionately  less  acute,  to  an  extent  easily 
detain  in  o  instruction. 

If  the  oblique  impact  be  two  holla,  the  investigation  is  hosed  on 

similar  principles.  Take  a  line  Joining  their  eentrvs  of  figure  ;  in  a  direction 
at  right  angle*  t<>  thi*  line  tlie  motion  ii  unaffected  by  the  impart,  and  the 
component  in  this  direction  will  be  the  same  after  impact  as  before  it ;  in  the 
line  joining  the  centre*  of  figure,  the  velocities  V,  and  V  may  be  found  oh  in 
mission.     By  compounding  t ::  ut  velocities  after  im- 

]»ct,  the  resultant  velocities  and  their  direction  may  he  found.  In  practice, 
a*  the  two  balls  are  passing  one  another  in  contact,  friction  beiWBBD  their 
surfaces  causes  a  relative  delay  of  one  aspect  of  each,  and  causes  rotation  of 
the  balls  ;  the  energy  necessary  for  this  is  taken  from  that  theoretically  avail- 
able national  movement!  of  the  btHi  m  wlmlcs. 

Energy  in  impact  of  Elastic  Bodies. — In  the  case  of  per- 
elastic  bodies,  the  energy  after  impact  is  equal  to  that 
-  +  >, ,V/  =  \>»,r/  +  -I'",/,,2.  If  \  be  less 
than  1,  there  is  apparent  loss  of  Energy,  which  has  assumed  some 
other  form  than  that  of  motion  of  the  mass.  If  a  horse  with  loose 
traces  rush  forward  ami  jolt  a  car,  the  energy  which  disapp- 
wasted  in  the  form  of  heat, or  deleteriously  spent  in  disintegration 
of  the  materials  of  the  car,  or  in  bruising  the  animal. 

"  Centrifugal  Force,"  so-called. — It  has  been  already  shown 
at   when  a  body  describes  a  curved  path,  there  i 
acceleration  towards  the  centre  =  t»*/r,  where  v  is  the  tangential 
and  r  the  instantaneous  radius  of  rurvature. 
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If  the  path  be  B  circle  of  radius  II,  the  acceleration  is  constantly 
—  r-  li.  The  component  force  drawing  the  body  from  the  tau- 
genthd  path  is  therefore  one  which  produces  an  acceleration 
towards  the  centre  =  r2/H;  and  it  is  itself  en,  tin 

Suppose  a  stone  of  mass  m  to  be  whirled  round  like  a  slingstone 
by  b  string,  but  in  a  perfectly  circular  path.  Tin's  circular  path 
may  he  supposed  to  be  made  apof  very  numerous  short  straight  lines 
or  element--  \,  each  of  which  is   tangential.      The  actual 

velocity  along  any  one  of  these  tangential  elements  during  any 
one  may  be  hypothetically  resolved  during  the  next  in- 

stant into  two  components ;  one  along  the  circle  as  v ;  one 
away  from  it,  and  corresponding  to  an  outward  acceleration 
a  =  t?f/R.  Of  these  two  components  the  former  freely  manifests 
itself  as  velocity  v  along  ev<  I  BSSfve  element  or,  practically, 

as  a  continuous  veloeity  9  in  the  circular  path;  the  latter,  the 
outward  component,  never  manifests  itself,  for  it  is,  at  every 
instant,  counteracted  by  tension  in  the  string.  This  tension  is 
a  stress  set  up  in  the  string  by  the  action  <>f  its  molecular  for. 
when  the  whirling  ball  tends  to  pull  the  outer  end  of  the  string 
outwards ;  and  numerically  it  is,  across  every  complete  cross- 
section  of  the  string,  a  total  tension  equal  to  that  which  would 
have  Ixjen  established  by  the  application  of  Bt0*/B  units  of 
force. 

If  this  string  mapped  or  were  suddenly  cut,  this  tension  would 
cease  ;  there  would  then  be  nothing  to  hinder  the  actual  tangential 
velocity  at  the  instant  of  snapping  from  persisting  during  the  ne.u 
and  succeeding  instants;  the  motion  of  the  stone  would  therefore 
be  continuous  motion  in  a  straight  line,  the  tangent  to  the  curved 
path  at  the  point  where  the  stone  had  happened  to  be  at  the 
instant  of  snapping,  and  the  stone  thus  liberated  and  (lying  off  at 
a  tangent  would  then  obey  Newton's  First  Law  of  Motion. 

The  StOH8  flies  Off  at  a  tangent,  and  not  straight  from  the 
centre;  there  is  therefore  no  enunteraetion  on  the  part  of  the 
string  of  any  tendency  on  the  part  of  the  stone  to  fly  off 
in  some  direction  straight  away  from  the  centre ;  there  is 
therefore  in  the  old  sense  of  the  term  no  so-called  "centri- 
fugal force"  counteracted  by  the  tension  of  the  string.  The 
tension  of  the  string  is,  however,  equivalent  to  a  force  =  tmr  I.'. 
acting  upon  the  stone,  directed    i  '  the  string,  and  the 

actual  inward  acceleration  of  which,  i'2/Tt,  ha!  ewry   in- 

stant the  outward  at  m,  the  centrifugal  acceleration  "I*  the 

whirling  stone,  acting  upon  the  string. 
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Any  string  will  snap  if  force  he  applied  to  it  beyond  a  cer- 
tain limit.  If  a  tiring  1"'  jttft  BO  strong  that  N  grammes  of  matter 
may  be  suspended  on  it  without  its  snapping,  it  can  survive  the 
application  of  force  equal  to  !)S1N  dynes.  If  this  string  be  used 
to  whirl  a  slingstone  of  mess  nt)  it  will  snap  unless  the  velocit 
be  such  that  >»<■-  B  is  less  than  CJSlN — that  is,  v  must  be  less  than 
v/981XI.'  ..<-       If  the  \  exceed  this  limit,  the  string  will 

p.  As  the  velocity  increases,  its  centrifugal  component  in- 
creases, and  requires  a  greater  force  or  reaction  tu  be  exerted  in 
a  direction  towards  the  centre  in  order  to  bend  the  path  into  the 
same  cum*  in  a  shorter  tuna     In  the  same  way,  it  a  fly  stand 

tin-  ri in  of  8  rotating  wheel,  the  adhesion  between  the  foot  of 
the  II y  and  the  rim  of  the  wheel  necessary  in  ordex  Ko  enable  the 
Hy  i     i  footing  may  become  so  great  that  the  fly  cannot 

.•a  and  U  hurled  off  at  a  tangent. 

When  a  grindstone  or  flywheel  is  rotated  too  rapidly,  the 
molecular  forces  of  col-  j>  the  particles  together 

against  their  tendency  to  fly  off  at  a  tangent 

If  tin-  Berth  rotated  en  ita  axis  seventeen  times  as  fast  as  it 

does,  thfi  -ion  Of  gravitation,  I  lit    effect  Of  which  is  e\cn  now 

masked  to  some  extent  by  the  rotation  of   the  earth,  wmihl    only 

tie*  equate?!  to  keep  bodiei  trom  flying  off  its 

surface  at  a  l 

The  greater  the  velocity  of  a  railway  train  the  greater  is   its 

oncy  to  fly  off  the  trai  k  as  it  is  rounding  curves. 

If  |  drop  of  oil  be  suspended  in  a  mixture  of  spirit  and 
wat-  tat  it  is  free  to  assume  any  form,  and   if  a  motion  of 

rotation  be  communicated  t«»  it,  the  globular  drop  assumes  the 
form  of  an  oblate  epl  nd  bulges  at  its  equator;  for  particles 

at  its  original  equator  have,  when  set  in  motion,  a  greater  velocity 

i  those  nearer  its  poles.  Pot  the  same  reason  the  earth  itself 
an  oblate  spheroid. 

In  the  trundling  of  ;»  wet  mop,  wheu  the  drops  My  off  because 
they  do  not  adhere  firmly  enough  t>»  enable  them  to  retain  their 
positiou — in  th«  of  a  steam  governor,  the  balls  of  which 

fly  asunder  as  the  speed  of  the  engine  increase-,  thereby  actuating 
an  appropriate  train  of  mechanism  which  to  a  ;.■■.■•  itei  oi  i  s  extent 
shots  off  the  steam — we  find   examples  of  thi  menon.      If 

a  in  mii  a  revolving  table,  with  his  feet  towards  the 

centre,  the  blood  in  bis  body  would  be  urged  towards  his  bead; 
and  thi  taally  been  proposed  as  treatment  in  hlondlessuess 

be  brain. 
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When  a  circular  cylindrical  vessel  containing  water  is  rotated 
(in  its  axis,  the  water  is  heaped  up  towards  the  aides  of  the  vessel. 
If  tin-  spired  exceed  a  certain  limit,  the  water  will  be  hurled  over 
the  tidei  of  the  vessel,  and  if  the  supply  of  water  and  the  rotation 
be  continuous,  an  engine  may  expend  its  energy  in  thus  continu- 
ously lifting  water  against,  gravity.  This  principle  is  applied  in 
Su'iiieiis's  governor  for  machinery  ;  when  the  engine  goes  too  fast 
it  begins  to  spend  energy  in  producing  this  current  of  w:c 
The  form  of  the  surface  of  water  thus  produced  is  always 
parabolic. 

When  light  and  heavy  particles  in  mixture  are  whirled,  the 
heavier  fly  outward*  ;  thus  milk,  if  rotated,  separates  into  heavier 
milk  externally  and  tighter  cream  internally. 

If  u  particle  move  in  ft  circle  whose  radius  \<  r  with  angular  velocity  w, 
the  actual  Sjwce  traversed  by  it  in   time  t  ia  rtut ;  it*  Velocity  per  second 
is  ra»  j  tin-  Force  necessary  to  inipurt  thia  velocity  in  one  second  i*  Mm  \  the 
it*  movement  is  kmr3^. 

Moment  of  Inertia. — If  a  mass  M  and  a  jioint  in  space,  internal  or 
.  \t  ni;il  to  the  mass,  he  M-n.-iden-d  in  relation  to  Bfteh  other,  the  name 
Moment  of  Inertia  i«  given,  uud  the  symbol  I  is  usually  assigned  to  the 
numerical  quantity  which  is  obtained  l>y  summing  up  in  appropriate  units 
the  products  of  the  mass  m  of  each  particle  of  the  mass  into  the  square  of  its 
•  •rresponding  distatn-e  2     This  operation  generally  i  he  aid  of  the 

Integral  Calculus,  hut  the  resultant  sum,  ~m<P  =  I,  is  a  numerical  quantity, 
and  is  always  positive. 

Radius  of  Gyration. — Suppose  a  uniform  disc  of  radius  1  ft.  to 
rotate  round  its  centre  under  the  action  of  a  given  force,  it  rotates  with  less 
angular  Vftloi  ity  than  it  would  have  assumed  if  the  same  fi»rce  had 
applied  to  the  same  matter  nfluttd  MUM'  the  centre  ;  for /  -  T/.ro>,  and  if 
the  mean  value  of  r  be  greater,  the  value  of  (u  must  1m-  less  if/,  the  force 
applied,  be  constant.  Such  a  disc  rotate-*,  OH  the.  ..tier  hand,  with  greater 
angular  velocity  than  that  which  it  would  have  assumed  if  the  matter  had 
bet!  ;  near  the  circumferenre.     Between  these  two  limit.- there  must  W 

a  distance  from  the  centre  such  that  if  the  whole  mass  had  liecn  concentrated 
there,  the  angular  velocity  acquired  under  the  influence  of  a  given  force 
would  have  been  the  same  as  that  actually  assumed  by  the  disc  This  dis- 
tance is  the  Radius  of  (Jyration  with  R Ten-nee  to  that  point.  The 
criterion  of  the  radius  of  gyration  i*,  that  if  the  whole  mass  M  were  placed  at 
the  distance  k  (k  =  rail,  of  gyr.)  from  the  j>oint  of  suspension,  it  would  have 
with  reference  to  it  the  same  M.nent  •  1  Inertia  as  that  actually  possessed 
by  the  physical  mass  in  question.      Hence  MAJ  s»  I  =  ~nuP. 

Radii   of  Gyration   and   Momenta  of  Inertia  in  particular 
oases. — (1.)  A  uniform  rod  of  length  /  tot.iu-  u  ith  the  MM  angular  vcl- 
as  if  its  ma*-  undated  at  a  distance  //  v'3  from  the  point  of  sns- 

pension.     The  rad.  of  jjrr,  k  -  //  \  3  ;  the  mom.  of  inertia,  1  =  Me2  3. 

(2.)  A  uniform    rod   «>f  length,  /,    jM.i.-ed   OS   it-   centre  ;   k  =  Z/2  \  | 
I  -Mf»/12. 
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(3.)  A  rectonjjuliu  lamina  of  aides  a  ami  f>,  entre;  rotation 

*.'•    tin-    Iain i i hi  ;    k  =  v' !«•'-   +   //-')'- \'3  ; 
I  -  M    ■ 

i.nlar  cHl  r,  and  of  uniform  thickness  ;  rotation  fOl 

an  axis  etftght  angle*  tO  the  litecttld   passing  through  it^  centre  ;  *  ■  •■    \ 
I  =  jM/- 

U    cylinder  rotating  round  its  axis \ 
(6.)  A  eolid  ring  cot  onl  of  a  anSfbrm  disc  of  miy  thickness;  inner  and 
d  radii  r  md  r   ;  rotatioa   round  an  nxi«  passing  through  the  centre  of 
the  riny  ami  at  light  BDfjlea  to  the  plane  of  the  ring  ;  I       \/(rs+f  ^/S  5 
I  -  M(f«  +  r 

(7.)  BoUd  ring,  whose crosft-aeution  i<*o  circle  of  radhii  between 

the  centre  of  the    rinjj  ami  I  ton    round   an 

Mi*  passing  through  th<  I  the  ring  end  at  right  angles  to  its  plai 

k  -  •  •  +  ja*). 

ihell  ol  radios  r;  rotation  round  any  diameter  j  k  =  r\ 

»  f  radim  r ;  cotatioii  round  any  diameter  :  Ur\ 

Lei  MK- itr  the  moment  of  inertia  round  an  axis  naming  through  the 

if  a  mass  of  any    form  ;   round    .my   other  axis,  pantile!   to 
ml    at   a  distance   h    foam     it,    the    moment   of   iii'itiu   Mi*  is 
U   K-  4-  M  '  where  M  M  the  whole  in..-. 

Energy  of  a  rotating  body. — The  energy  oft  particle  in  rotational 
mo*  ■■■>-  •,  that  of  a  system  of  |  see  el  iti  own  distance  i* 

ami  with  if-;  own    DMBB1  »'  ID  <*r)  —  Jo/-'-,  u,  > /ular 

falodlj,  being  the  nme  in  a  n  of  a  rotating  body.     TJnr  2nt*«  I, 

I- nt  "I  inertia  :  therefore  the  energy  of  a  rotating  body  is  ^w'-I,  or, 

where  A'  .   -  J,o/-.M.'  un-v  nt  the  »'•»;-'  "I 

ample  (6)  above  is  \|    >  -'  +  V /-;  to8  1. 

A  llywliiM 1   in   motion  possesses  a   I  mount  of  kinetic 

d  if  an  obstacle  be  placed  in  the  way  of  the  engine,  the 
en«pn«-  oannot  be  stopped  bj  it  unless  the  flywheel  sail  ited 

also :  tliis  would  involve  the  sudden  exereiae  of  a  vary  great  force; 
ill.   i  I  flywheel  rapidly  rotating  can  over- 

come a  very  great  resistance,  and  in  this  way,  for  onlinan 

V    n-].rv*'ir 

tli ron i»h  whicl  Nidloaler  bo  the  paper;  B 

u  the  posit  iuu  of  the  other  axis  imrnllel  to  the  former ;  n  the 

miw  ruutnl.   Dn»v,  at  right  angles  to  LB  or  to  ABprodeoed.   Then 

BC*=AC  +  AH  *±  2  IB.  ID.    ABistli  between  the  two  aim;  BO  the 

Bwaxis,ACi<  •  1 1  ...in  i '  i .  •  ••.  1 1 1 1  ■  •  ■  1 1 1"-  ^»t ;» v  i  t  v 

Ufa    Jf:l,  ,.tss  wi,»i.  RfV-wi.  AC  +  vi.h''±2m.li.\\\.    IfoWl 

U  Cand  wr  hiivc  S(m.Bl  -i.A*)±2A 

X{*.  i  disappears,  for  all  rouml  tfc  i  ^tavity  AD  has  as 

Jiuuiy  jHwitive  as  DSgetiVS  vain  it  Of  in  nil  r.miul  It  j 

the  moment  of  inertia id  MA*.    W I  w mea  M*»  = 

M  KJ 
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ances,  it  is  prevented  from  manifesting  any  very  great  irregularity 
of  motion. 

If  a  flywheel  whooe  energy  i*  1«*MJP  mm  tailed  opon  to  expend  "  units 

of  energy  in  overcoming  e  certain  resistance,  thi    em  tgy  in  ii  after  doing  so 

would  be  {iw'^MA-2  - 71 ),  end  a  new  angular  velocity  «',  would  be  assumed, 

hftt  Jiu/MX-^^u^Mfc2  -  n).    The  uaoofif  of  kinetic  energy  In  h  ly« 

wheel  thu  fluctuates.      If  a  very  large  flywheel  have  a  heavy  run,  ami  if  the 

spokes  I      i  thin,  the  radius  of  gyration   is  practically  tin-   distance 

ti«   of  the  Wheel  ttd  the  middle  of  the  thickness  of  the  rim  j 

and  tin  energy  i-.  ■ppsaximeiely',  {W-M.  (mean  cadii      | 

Suspended  Body.—  B  heavy  body  of  buui  M  to  be  inapendod 

at  a  point,  and  tlicn,  ili.n  poinl  of  enepenaion  retaining  ite  fixed  position,  to 
Bu  that  it-  eenira  of  figure  sinks  through  ■  vertical  height  a, 
ii  ungulu  velocity  w.     Tlie  kinetic  enai  liied  by  the  body 

considered  as  rotating  round  the  point  of  IDJpendofl  El  .W-'I  :  tlu-  potential 
energy  lost  h\  dc-  «ut  i>f  the  nuts?  M  through  height  h  is  Mf/A.  These  are 
eonal     HmivWUM  -aHga/I.     Bol  1  -  M/,-  when  I  a  the 

radtui  of  gyration  \  «  hence  c>- 

Centre  of  Oscillation.-    In  Fig;  T'>  h-t  A  be  die  point  ofempaneloa 
Fl  ro  of  a  body,  B  atn 

of  gravity),  /  the  length  of  the  eadftaa  of  gyration 

of  the  mass  with  reference  to  the  point  of  euepei 
A  :  then  than  Ii  h  die  erne  straight  line  with  A 

and   15,  and    un   tin-   opjHwite  side   of   l!    iioin    A,  R 

point  0  called  tin  Oitin  of  Otdllatwu,  which  bat 

the  following  proj»etties  : — 

(1.)  The   body  may  be   swung  QpOQ  A   Of  RpOtt 

0  indifferently,  and  in  either  oaee  it  will  mflfotfl 
pendohnn-wiM  with  equal  rapidity. 

(2.)   The  body  tli u  1  at  A  or  at  Q  will 

oscillate  at  the  same  rate  ns  an  ideal  simple  pen- 
dulum of  the  length  A.O,     (Aon  d  at  p.  181 

(3.)  This  body  will,  if  struck  ei   0,  ooaQlan 

A   without  ptodnciag  any  pressure  on   the 
supporting  axis  at 

(4.)  Though  the  support  at  A  wen  withdrawn — a.«,  for  install •  < .  II  the 
body  float  submerge!  in  water — yet  if  the  js.int  C  wire  struck,  the  point  A 
would   remain   at    net)  and   all   the  part  of  the   body  !  n   A  would 

move  in  a  direction  «  .  thai  in  which  C  is  struck.      For  even 

0  at  which  a  body  may  Ik-  etfuok,  oi  Ibf  every  centre  of  percussion, 
is  a  corresponding  point  A  on  the  other  ride  of  the  centre  of  ligun- 
through  which  passe*  an  axis  of  spontaneous  rotation,  round  which 
the  body  rotates.  If  the  lower  port  of  any  object  be  suddenly  pulled 
fiiieauJaj  the  nppn  part  Mill  move  Wkward-.  Thi-  pn 
applied  in  the  Jaw  of  eehinoidel  ;  the  upper  and  "i  m  1,  of  um  I 

.at wanl^,  and  the  lower,  the  tootfevbeering  ends,  are  till.d 
her. 
(6.)  The  diM  m  eqoa]  to  /"',  Ai:  when  die  body  >M  inepended  at 

A,  k  1  Q  ration  in  this  case;  or  I"  .'.-'  CB  -nded 

T  gyration  in  this  cose.      The  radii  of  gvratiou  are 
so  related 


•  a 
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Force  causing  rotation  constant  in  direction. — If  a  body 

'    i    force  whose  direction  is  the  same  or 

neai  ghout  the  movement)  tin*  effect  of  the  force  varies 

In    F%.    80   lei    AC.  AM.  AK, 
AF.   be  ive  poaitiona  of   a   rod    l|r*J> 

rotating  round  A,  and  acted  ii]><>n  by  a 
force  applied  at  the  extremity  remote 
from  A,  and  always  parallel  to  the  lines 
•  '<.  J>"\  Ya.  In  tin:  position  AF  the 
effect  produced  by  the  force  is  a  mid 
mum,  for  two  reasons:  (I)  that  tin* 
compouent  effective  in  produi 
tkm   is  th.-v  atest;  and  (2)  that 

the  force  is  applied  with    the  pvatest  "leverage,"  or  so  as  to 
have  the  greatest  poaaible  "moment*1     In  this  way  the  forearm 
>  with  the  gzeateet  swiftness  at  tin-  middle  of  flexion. 
Accelerated    Motion.  — The   discussion  of  tlie   accelerated 
tkm    of  a    particle    moving   with   constant   acceleration — i.e., 
under  thr  continnons  influence  of  a  constant  force  adj 

led  us  to  the  fonnuhe — 

-V  ±at,        (i.) 

-r*=X-±T2a.s,    mi. 

where  V  represents  the  velocity  of  a  particle  at  the  beginning, 
and  r  that  at  thi  '<  time  t,  ••>•  the  space  traversed  ducing  that 

time,  and  a  the  a< crl.rat i<.n  (positive  or  negative,  as  the  case  may 
be)  ]*--r  unit  of  tiim        r.    mod  familiar  examples  of  this  kind 
-ment  are  those  in  which  bodies  exposed  to  the  constant 
mm  ity  hill  with  constandy-mCTeasmg  speed 


1.  \  ltd  «  Hisiuii  with  a  lixed 

sli  mid  i«  abruptly  itopped .  receive  ■  blow.    What  bei 

must  one  fall  in  order  to  receive  a  similar  blow? — Ant.  BO  mflsi  IS  DODZ 
«  73*3  feet  per  secomi.  A  body  falling  from  rest  (V  =  0)  Requires  a  speed 
of  733  per  sec  in  falling  8351  feet,  fur 

r2  =  v*±2<u.      (in, 
(73-3)*  =  0  +  (2x32-2x«);  .-.  #«  83-51. 

A  blu»  in  a  rollision  at  50  miles  an  \wwr  in  equlvatanl   to  a  blown 

in  conaequi  i  ;  foi  a  body  which  hai  fallen  83*51  (eel 

iiili  ling  B(   -r>0  mil.'-;  ;iri   llO«r  at   tli- 

2.  A  ball  weighing  5   ounces  is  hurled  upwards.     It   i*  supposed   thel 
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while  it  is  in  tin*  hand  it  Sa  twang  through  4  feet:  tbe  thrower  (faming  1 1 1 i .-- 
swing  continuously  exerts  an  need. .-rating   HIWHUU    OB  it.      This  pRM 

!  be  equivalent  to  the  effort  which  would  be  put  forth  in  raising  some 
1. -Unite  weight  in  the  same  j»oRition  of  the  body.  What  is  this  Weight  if  the 
hill  rise.  100  bat  ? 

The  ball  haves  the  hand  with  an  unknown  velocity  V  ;  it  rises  through 
I  space  *=  100  feet  against  a  force  (gravity),  the  negative  acceleration  (a) 
produced  by  which  is  3^-2  feet  per  second  ;  it  comes  for  an  instant  to  rest 
(e  =  o)  ;it  Qn  top  Of  Ha  course. 

r-  =  V*-±2«w.     (iii.) 
0  =  V8-(2x32*2x  100). 
M40.      V  =  80-25. 
<i     -lion   thus   1m-«i»iu.'.s    .Under  tbe   inllueiice  of  a  force  /  acting 
through    4    feet,   ■   vclocitv    80*25   feet  per  MOODrJ  is  imparted  to  a  mass 
m  =  T\  lb.     Find/;  or,  since /=  ma  aud  m  =  X,  lod  a, 

t*-,«V,J±2<u  (iii.)  ;  V  =  0  ;  a  is  positive. 
.  ■ .  p2  =  2a« ;  but  v  =  80*25,  the  velocity  with  which  the  ball  leaves  the  hand. 
6440 -2ox4«8tt.     a  =  800  feet 
/=ma  =  22fi1^r  British  units  of  f. 

But  wt  of  I  lb.-nirtM-  32-2  Brit,  units  of  force. 


.  .  226"    .. 

/  ■  nt.  oi        '     lb.-iua«aes« 

J  ;j2-2 


7{jn*. 


The  effort  tlnii  is  the  -same  U  that  put  forth  IB  upholding  I  weight  of  7  lbs. 
13  ox. 

3.  A  hhot  is  fir.il  vertically  from  a  gun  whose  barrel  is  30  inches  long  : 
it  rises  half  a  mil''.  CotaptM  tht  lOOokfliloi  of  a  body  falling  under  the 
inlluence  of  gravity  with  th.it  under  which   th<-    !  |iiivs  -ueh  vein 

qptM  of  10    'ii1  - 

Pint  find  the  \.  LniLv  of  th  :  leave*  the  gun.     In  its  course  in 

tbe  air  (friction  Wing  entirely  neglected)  it  commences  with  the  unknown 
\.l"(ity  Y,  traverses  space  #=2640  feet  against  gravity  which  produces 
acceleration  a=  -  32*2,  11  to  rest  (t"=0)  for  uu  instant. 

»*-V*±2<«.     (iii.)  

0«V*-(2  x  32 -2x2640).      V-  ^170016 -4123. 

In  the  gun-lwirrel  a  velocity  r,  412*3   feet  per  second,  is  acquired  within  a 
space  *  ■■  2 J  feet.     We  want  to  know  the  acceleration.     Here  v  =  412-3  ; 
V=-0  ;  «-»2*5  ;  ■  is  unkii"wn,  hut  is  positive. 
rl„V-l±2cw.     (iij.) 

(412-3)J  =  2ax2.J. 

1  70016   =  5a.     a  =  340032  feet  per  second. 

re  long  enough  to  expose  the  projectile  to  the  influence  of 

such  an  tea  '•roc  for  a  whole  second,  this  velocity  would  be  acquired, 

and  the  barrel  would  hi  17001*0  feet  long. 

But  gravity  produces  an  acceleration  of  32*2   feet  per  second.     Hence 

tbe  acci  I.  ration  due  to  the  gunj-owder  is  greater  than  that  of  gravity  in  the 

34003*2 

ratio  of  '  or  1056  :  I.     The  forcr  exerted  by  the  powder  =  wia  = 

38*4  '  f 

340O3*2rw,  and  in  the  case  of  an  ounce -bullet  would  be  equal  to  2125*2 

British  units  o 
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4.  With  what  "force"  will  a  10-11..  mas*  falling  100  feet  strike  at   the 
einl  of  its  course'?     A  tin-  qneetioa  i-  devoid  of  sense,  for  ii  • 

not  specify  tli  luting  which  the  momentum  i*  changed  00   impact. 

If  the  body  strn<k  wen  rigid,  and  the  falling  man  perfectly  elastic,  it 
would  nee  on  rebounding  to  an  equal  height  of  100  feat  Dwing  the 
■  t  it  must  have  come  to  rent.  Let  us  arbitrarily  assume  it  to  have 
taken  3gVn  sec.  to  come  to  rest,  ami  an  equal  period  —  n-ojijj  *c. — to  gain 
its   upward    initial   velocity:   tin*   upward    inili  is  80*25   feet  j-t 

second,  for 

o*=  Vs  -  2m,  where  a  =  322. 

0  =  Va-(2  x32-2x  ion). 

V  =  80-25. 

QtmtJon  thus  becomes — What  is  tlie  mean  pressure  between  the  body 
which    has   fallen    md    tlmt    0U    which    it  fulls,  if  a  (gwed    of  K0-2.r»    DBflf    DflT 

second  can  be  arrested  «»r  developed  by  it  in  5glffg  sec.  ?     The  answer  is— 


Since  r  =  «r :   u»  80-25  ;  t- 


_MM,(.      I 


a»lGO,5(Mi  ;   md  /-ma- 1,605,01  mi 


British  units  of  force  -  the  wt.  of 


l.nn:»,ooo 
32-2 


-4984*47  lbs. 


5.  A  bed)  weighing  10  lbs.  falls  bom  i  height  of  100  leal  on  i  rigid 
lose  It  h  Battened  t->  tba  oaten!  of  Jk  inch,  in.ii.-m.-l  in  the  direction  of 
its  motion  :  it  recovers  its  form  in  id&      What  Ii  the  time  taken  to 

briny  the  kill  to  rest,  and  w]  mean  total  prtfsurt  between  the  ball 

and  the  I'  Qal     Bate  R  velocity  of  80-2  1954  ft.  \»  > 

arrested  in  tli-  whtl  il  the  retarding  acceleration  a  I   what 

in  the  corresponding  pressure/.'  what  H  the  time  t  '. 
t*  =  Y*-2*s.     (in.) 
0  =  (80-24u..  tV'-(2ax2rV  ha 

=■6440  -(2a  x  ,{^  fa 
a  =  \  (6440  x  360)  =  1,159,200  feet  per  second. 
Agsin,/=roa  =  1, 159,200  x  10=  11,592,000  British  uniLs  of  force 

=  the  weight  of  (I  1,592,000  t  82-»)  -  300,000  lbs.-  menu  pressure. 
Lastly,.- =  at. 

80-24954  =1,1 59,200^.     '  =  Yl  \  ,  i  sec. 

The  Principle  of  Moments.  —  In  Fj.lc.  81  a  linear  body  is 
poised  at  tli-   point    I  ;  at  A  suppose  a  force  equal  to  10  units, 

F*»«-  -— s 


A F 


1 


at  B  a  force   equal  to  1   unit.      The  former,  acting  alone,  would 
round  F  through  an  angle  6,  autl  the  work  done  at 
A  by  i  /  ii  equal  to/s  =  1  0  units  x  ka  =  10  AF  sin  6. 

The  latter  force  applied  at  Jl  would  turn  the  bar  round  F  through 
an  angle,  say  <f>,  and  would  in  producing  rotation  do  work=  1  x 
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FB  sin  ff>.  The  work  done  by  the  force  applied  at  A  daring  any 
small  displacement  u  b  the  opposite  sense  to  that  done  by  that 
applied  at  B,  Together  they  may  balance  one  another,  and  pro- 
duce equilibrium.  If  the  bar  be  rigid,  tft  =  6.  If  the  one  force 
raise  as  much  as  the  other  di  every  point  of  the  bar,  tl 

is  equilibrium.  As  regards  rotation  round  F,  the  forces  are  of 
opposite  Sign;  they  are  accordingly  +  It)  at  A,  tending  to  pro- 
duce positive  rotation  in  the  direction  opposed  to  that  of  the 
hands  of  a  watch,  and  —  1  at  B,  tending  to  produce  a  negative 
rotation.  Hence,  it'  there  be  equilibrium,  the  work  done  by 
force  =  +  10  acting  at  A,  and  that  done  by  force—  1  acting  at 
B  are  together  =  0. 

(lOxAFsiu  0)  +  (-l  xBFsin0)  =  O.     (1.) 
(10xAF)  +  (—  1  xBF)  =  U; 

or,  generally,  if  the  forces  be  P  and  Q, — 

TxAK)  +  (Qx  BF)  =  0: 
orP:Q::BF:AF. 

The  forces  which  balance  one  another  are  inversely  proportional 
to  their  distances  from  tin-  fixed  point  F. 

Xhni  ■  smaller  fopO  at  a  greater  distance  can  balance 

reater  force  acting  at  a  less  distance.     The  Importance  of  the 
iter  force  with  reference  to  the  point  F  is  exactly  the  same  as 
that  of  the  smaller  force,  which  has  the  advantage  of  greater  dis- 
tance, or  greater  "  leverage "  or "  pnrchi 

This  Importance  of  a  force   not   passing   through   a   point  is 

called  the  Moment  of  that   force  Rmnd  that  point.     It  is  equal 

to  the  amount  of  the  force  X  the  shortest  distance  from  the  point 

Vtoqfapp  Ofj  the  tone.      The  shortest  distance  from 

a  point  to  a  line  is  well  known  to  be  B  line  drawn  from  the  point 

to  the  line  in  question,  at  right  angles 
to  the  latter.  In  Fig,  Si  the  moment- 
of  the  forces  round  the  point  F  are 
respectively  1 0  x  AF  and  —  1  x  BF. 
In  Fig,  82  the  forces  anting  at  A  and 
:  are  not  parallel;  their  lines  of 
application  are  AK  and  BK  :  the  dis- 
Bl  of  these  lines  from  F  are  FU 
and    FI>  at   right   U  \  !•   and 

BE:  the  moments  of  the  respective  forces  round  F  are  Force 
A  x  distance  OF,  and  i  -i  -    B  x  distance  FD;  and  if  the  forces 


■ 

A 


rif.aa. 


A 


V 


V 


▼J.J 
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are  to  produce  equal  and  contrary  rotational  effects  round  F,  so 
that  there  may  be  rest  and  statical  equilibrium,  their  moments 
must  be  equal  and  of  opposite  sign,  so  that  their  sum  =  0.     This 
(pfo  of  Mv mails. 

It  in  Fig.  81  the  forces  at  A  and  B  acted  at  the  ends  of 
an  immovable  rod,  there  would  be  a  reaction  =11  units  Spread 
over  the  whole  extent  of  the  rod,  but  more  intense  near  the  point 
A :  if  the  roil  were  held  fast  only  at  one  fixed  point  F,  all  the 
reaction  (  =  11  units)  is  concentrated  at  that  point,  if  it  be  such 
a  point  that  there  is  no  tendency  to  rotation  round  it — i.c,  if  the 
moments  round  the  point  of  resistance  =  0  ;  if  these  be  imt=0, 
the  pressure  on  it  is  still  11  lbs.,  but  the  energy  is  partly  spent 
in  producing  rotation  round  that  point.  If  the  reaction  pass 
through  the  point  round  which  the  moments  =  0,  there  is  neither 
translation  nor  rotation,  and  hence  the  three  forces  are  in  equili- 
brium :  these  are,  1  0  units  at  A,  1  unit  at  B,  parallel  to  the 
former,  and  11  units  at  F,  parallel  but  in  the  opposite  direction. 

Thus  Fig.  83  is  established  as  indicating  the  conditions  of 
equilibrium  of  two  parallel  forces,  P  and  Q  ;  a  third,  R,  equal  to 
their  sum,  must  act  in  the  opposite  direc- 
tion at   F,  a  point   round   which   their    3 

nents  vanish  or  are  together  equal  to 
If  the  two  conditions  be  satisfied    p" 
<1)  that  I'  +  Q=_K,  ami  (2)  1      '    tin 
moments  of  P  and  Q  round  F  be  equal 
and  opposite,  there  will  be  statical  equili- 
brium :    if    the   former   be   not  satisfied  8 
there  will  be  translation;  if  the  latter  there  will  In-  rotation;  if 
both  be  violated  there  will  be  both  translation  and  rotation. 

ETow  let  the  point  of  application  of  the  force  Q  be  shifted  to 
the  right :  the  force  P  must  increase  in  order  that  its  moment 
may  remain  equal  to  that  of  Q.  If  Q  be  transferred  to  an 
indefinite  distance,  the  force  P  would  have  to  become  indefinitely 
nt  in  order  to  balance  it  Two  unequal  forces,  tending  to 
prodiK*-  rotation,  maybe  balanced  by  a  single  force:  P  and  R 
are  balanced  by  Q.  In  this  case  I*  and  Q  have  opposite  and 
equal  moments  round  F ;  R  has  no  moment  round  F.  its  own 
ink  of  action.      There  is  equilibrium  here  between  P,  Q,  and  R  ; 

r  moments  round  F  are  together  =  0.     So  ait*  their  moments 

other  point,  as  may  be  easily  proved.      In    general. 

whatever  point  is  considered,  if  there  is  to  be  no  rotation  round 

t  point,  the  sum  of  all  the  moments  of  all   the  forces  acting 
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round  that  point*  each  taken  with  its  proper  sign,  must  be  equal 
to  0. 

Couples. — Two  forces  not  directly  opposed,  and  concurring  in 
producing  rotation,  may  sometimes,  as  in  some  of  the  Examples 
of  Couples  below,  be  called  a  Couple,  whether  these  forces  be 
equal  and  parallel  or  not.  In  another  sense  the  word  Couple  is 
rest  i  two  equal  ami   parallel  forces  causing  rotation  of  a 

Symmetrica]  body  round  its  centre  of  mass,  when  that  centre  is 
situated  midway  between  these  forces  and  in  the  straight  line 
joining  tln-ir  points  of  application.  The  standard  definition  of  a 
Couple  is,  however,  a  generalised  one,  is  independent  of  any  fixed 
point  of  rotation,  and  is  based  upon  the  following  considerations. 
Two  Ebroes  always  have  a  resultant  and  may  be  balanced  by  a 
third  except  in  <>uc  case,  viz.,  that  in  which  the  two  forces  are 
(qiial  and  opposed  in  their  direction,  hut  not  opposed  in  the  same 
straight  line.  This  pair  of  equal  forces  constitutes  a  Couple, 
strictly  so-called ;  and  the  Standard  Definition  of  a  Couple  is — 
two  equal  and  paralb  1  forces  opposed  in  direction  but 
not  iu  the  same  straight  line. 

A  Couple,  as  thus  defined,  has  the  following  properties : — 

1.  It  cannot  be  bal;  u-..l  by  any  one  force  at  any  finite 
distance.     If  P  become  equal  to  It  in  Fig.  83,  Q  vanishes. 

2.  It  can  be  balanced  by  an  opposed  couple. 

3.  It  produces  rotation  round  any  point  which  may  happen 
to  be  fixed,  whether  within  the  same  plane  or  not. 

If,  "ii  the  other  hand,  two  unequal   forces  (P  and  R  of  Fig.  83,  h 
absence  of  Q)  tend  feo  PfodaOi  rotation,  tln-re.  is  always  nt  least  one  point  6uch 
that,  if  this  point  be  held  fixed,  there  can  be  no  rotation. 

4.  It  produces  no  pressure  upon  the  point  fixed,  wherever 
that  point  may  be  situated. 

If,  on  the  other  hand,  two  unequal  forces,  opposed  in  direction  but  not 
opposed  in  the  same  straight  liiu-.  act  upon  a  body,  there  ia  ■  t>  nl.  ncy  to 
translation.  If  tin-  handles  of  a  eopying-preas  be  equally  acted  upon  1-y 
both  hands,  there  will  l>e  rotation  simply  ;  if  the  hand*  act  unequally,  the 
copying-press,  with  the  table  on  which  it  is  fixed,  may  be  pulled  or  pushed 
over. 

5.  The  algebraic  sum  of  the  moments  round  all  points  in 
space  is  the  same. 

These  special  properties  have  earned  f«»r  this  pair  of  equal 
forces  the  specific  name  of  Couple ;  and  an  example  of  a  Couple, 


as  this  ftefmftf..  s-  iimwTHfr"  ft  t'wr?  aa;  ir  viorJ  Ia*xirix. 
thonci  eona.  eul  trmwsiE  n  *»*r-iriT  2=  urc  ir  xht  ssmw  sOtts^h: 
line  irnii  ii :  and  thai  VitfziHr  3it  ^saicmx.  "hs-  trot  1:  t  stncvc; 
to  frirsinn   or  h-  xbt  TTHrr.L  of  tint  ~iw»ct  ars&E  xwil. 

If  a  Qanpk  xxt  sqniJMsL  tt  t  wtcr  of  vrrriT  n:  -rar^i*  j?  hate 
fixed,  xhsrt  wil  i*  roadm.  rrrnniE  1  pane  vinsr  lies  tapviitft.  a« 
panne  of  agmjjacim.  of  tint  tvi  iraes.  eh£  tint  Tasaa.-a.  x  m-fckU 
depends  npcm  tht  -fnm  of  xht  2»>rr.  If  tint  :*or  r»t  sttomctisC 
and  the  faros  iJyjuiitsrnnT-r  EzxJ&Sii  »±iL  rsKcsnst  *:  its  <scafi« 
of  ntus.  there  -wiH  x#t  tsju.ait  rnrrt"  iz±±  asms*  ■:£  mas&  Vh«i)jfc 
that  oentrt  tit  heic  £sfs£  nr  mt .  Ens  iin*rt  ir~  "r%t  nc<  trfcn$u*EKt& 

Tln§  is  the  cast  raiia.  a*  ±l  IfagrHnrerT  25  af  i2t,Tv*«aa««  ix 
tins  volume  :  the  seaxark*vpt2  asBssfcc  is  of  i^LivcSfciK*  ir.  the 
study  cf  the  morinr  tars  :€  TnyfSrr. 

IflBOt  flf  a  Gaaqafe. — Tbt  «cl  :c  the  racc^ciTs  t,nk^ 
all  points  in  spare-  is  the  siql  Tike  the  r^irxxr: ;  tSe  VhAk 
distance  between  the  faroes  is  7:  the  memest  erf  each  ft*** 
round  the  midpoint  is  F^L  where  F  is  ehher  fcsw :  K**h  ftav*£ 
concur  in  producing  roEata-jQ :  the  joint  mc-meat  is  F,~  — XL  tho 
Moment  of  the  Couple,  the  praises  of  either  of  the  <>q^ 
forces  into  the  disa.T>oe  between  them. 

Examples  of  OooptaB. — T!be  ae&ca  of  ibe  r*v»  hand*  on  the  haadV* 
of  a  copying-press  is  that  erf  a  ocapk :  cat  polls,  the  other  pushes. 

Example*  abound  in  the  muscular  and  osseous  system.*  Such  aiv — the 
elbow  joint,  where  the  nioep*  polls  the  olecranon  process  backwards,  and  the 
reaction  of  the  artaenlar  snrlaee  of  the  humerus  against  the  sigmoid  cavity  of 
the  ulna  consotntes  the  other  member  cf  the  couple ;  the  jaw  in  lateral  chew* 

•  Kumeroos  examples  may  be  found  discussed  in  Hermann  Meyvr :  2  V  C^«l»l- 
k.  MtAamxk  da  wtenscH.  KmockcngcnMa  ;  Leipng,  Engelmann. 
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ing,  where  the  external  pterygoid  nUMDlo  may  poll  one  side  of  tin-  jaw  forward 
while  the  mult  of  t!i  l   tlu-    lini'l- a-   lil-i.-s   of  tin-  opposite  t«m]>oral 

.  t..g. •tiuT  with  tin-  corresponding  ii  ill  tin- 

eekwaius;  the  might  of  the  html  wheai  a  i 
don  is  '•i|tiivah'iit  acting  along  a  Qua 

passing  through  I  point  a  little  behind  the  occipital  cowrj  lea,  and  this, 
r  with  the  re  the  aUat  and  the  occipital  condyles, 

Ol  tin-  t'l.-nt  of  tlit-  iiim  k  ;   the 

•v.-i^iit  i»f  tin-  ht  n. 1  when  it  bends  forward  a  little  pesat  line  a 

linlf  in  hoot  of  the  condyles)  and  it  form  with  ti.  n  of  the  atlas  a 

eoopla,  which  is  luil.i:  be  contraction  of  tlu  muscles  of  the  iMick  of 

the  neck:   when  la<-kt-:i,  Bl  when  a panOO  ll  fa] liny  asleep, 

the  head  is  totaled  hy  the  couple  on  a  transverse  axis,  ami  it  drops  forward 
kward  ancosding  bo  the  position  in  which  it  happens  to  be  at  the  time 
when  muscular  contraction  ceases  t<«  balance  Its  weight. 

Equilibrium  of  Couples. — Let  a  couple  consisting  of  two  equal  I 
amya  in  one  and  the  bum  direction,  pulling  the  particle  A  (Fig.  83a) and 
pushing   tin-    particle    B,  R' 

and   let   A  and   B    be  rig.  si™.  B 

connected  as  to  form  u 
system  capable  of  rotation 

round  the  point  O  midway  q 

between  them.  When  AB 
is  at  right  angh-s  to  the 
couple,  the  afesnant  of  tin- 
Couple  i*  equal  t«-  twice 
the  product  ol  ai&ar  force 
ButO  the  arm  OA  OT  OB; 
it    i«    therefore    equal    to  * 

r  (ores  /  th 

AB.  Let  the  system  t  ft 

'.  B'  mak- 
an  angle    0    with    its 

■n  ;  the  coupk  acts  upon  a  rod   whose  virtual    length  in 

r  way  of  projection,  to  ed  or  AB  eoe  #.    The  moment  of  flu  couple 

is  now /.AH  cos  0,  ami  when  0  m  90'  (he  moment  of  the  couple  is  reduced  to 

and  there  |i  no  further  effect. 

I  let  two  aunj],  net  upon  the  same  system  AB,  and  let  their 

ta  be  at  right  ang ta 

to    one    another  and  their 

ns  opposed.   There  »  ill 

W  equilibrium  when  F  (Fig. 

bos    B    eo    as   to 

diminish  $  just  as  much  as 

ies  it  so  as  to  increase 

6.     At   that  moment,  and 

in  tl  AB,  the 

moments 
twi#  couples  are  equal.    The 

is  /.  AB   cos    0  ,  the         * 

f.  AB  eo*  &.    Y.  this  equality  by  means  of  an  equat<< 

-/.ABcoatf-F.AB  cos  0' =  F.AB  sin  B.    Hanee  f*co9  0  =  F  sin  6  or 
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/:  F  :  :  tan  0  :  1,  when;  0  i*  the  <Ie ll<-< itfoB  from  a  position  parallel  to  F,  F. 
This  prop  •pphed  in  tin-  construction  of  tin  Tangent  Oslvmnni 

Again,  let  the*  one  couple  ff  have  a  direction  always  at  ri^ht  angles  to 
tin*  direction  of  AB,  while  (3m  otber,  FF,  has  any  dtosetfoa  wbstoavu  not 


Pif.83r, 


e' 


at   right   angles    to 

AB.  ABisdefl 

through    an    mgla 

0  from  a   portion 

parallel    to    F,    F. 

/    oonplt    is 

/.AH  ;  t lit-  F  ciMipli- 
i.«  F.  AH  sin  0  as  be- 
fore. These  cuiiple* 
being  in  equili- 
l.riuni.     we      have 

/.  AB  =  F.ABsin  0 
or/ :  F  :  :  sin  0:1.     This  proposition  is  npplied  in  the  Sine  Galvanometer. 

The  Mechanical  Powers. — The  principle  of  moments  or — 
what  is  essentially  the  Bame  thing — the  principle  that  the  work 
l»y  or  on  a  machine  =  0,  oar  that,  on  the  whole,  there  is  no 
accumulation  of  work  in  a  machine,  is  the  key  to  the  explanation  of 
the  action  of  many  of  the  Simple  Machines  or  so-called  Mechanical 
Powers.  The  work  done  by  a  limple  machine  is  equal  to  that 
done  upon  it,  and  upon  the  machine  itself  there  is  no  work  done. 
This  is,  of  course,  not  strictly  accurate ;  but  simple  machines 
are  supposed,  in  the  first  instance  and  for  the  sake  of  theory,  to 
be  themselves  without  weight,  and  to  work  without  friction. 

The  Lever. — -This  ia  a  l>ar  of  any  substance,  n'ui  I  enough  to 

retain  its  form  under  the  forces  applied  to  it.     We  consider  it  at 

the  moment  when   the   forces  or  pressures  applied  to  it  are  all  in 

equilibrium,  so   that   there   is   no   movement.      If  the  point  A  1 1 

p  pressed  down    with  force   1\  if  the  lived 

point  or  Fulcrum  be  at  F,  and  if  the  | 

IFlfM'  1)  be  pressed  down  with  loive  Q,  then  round 

|iQ  P  the  momenta  <1\AF)  -f<—  Q.BF)  =  (X 

*■  1     If  A  I  iter  than  BF-  Q  is  numerically 

B    less  than  1* ;  then  tlie  smaller  Q  can  balance 

J  the  greater  P ;  a  practical   meehauical  ad- 

vantage.    As  an  example  of  this  take  a 
crowbar :  the  man's  strength  is  exerted  at 
B  ;  the  Ixed  point  is  at  F,  and  the  weight 
of  the  bodj  to  be  lifted  imndl  at  A.     Suppose  the  If 

to  be  42  inches  long  the  point  F  to  lie  2  inches  from  A,aud  the 
man's  strength,  which  is  competent  to  raise  56  lbs.,  to  be  exerted 


at  B  :   then  AF=  L\  BF=  40.  and  Q  :  P  : :  2  :  40  ;   whence  the  man 
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cao,  by  exerting  at  V>  a  force  of  56  lbs.,  keep  a  mass,  weighing 
10  cwt  and  resting  on  A,  from  moving  downwards;  an  effort  a 
little  greater  will  lift  it, 

On  the  other  band,  a  force  equal  to  the  weight  of  1120  lbs. 
applied  at  P  can  only  balance  a  weight  of  50  lbs.  at  Q :  here 
there  is  great  mechanics]  diaad vantage. 

An  example  of  this  occurs  in   the  cose  of  forceps,  with  blades  rtlul 

|:  the  pressure  which  they  can  exert  nt  the  tip  is  relatively  small,  for 

each  blade  of  the  forceps  is  a  lever  supported  at  the  hinge.     Extremely  long 

scissors  do  not  cut  bo  wdl  at  the  point  ns  iu:ar  the  ji ■•int. 

But  what  is  gained  or  tost  in  teroe  is  lost  or  gained  in  range 
of  movement;  fbl  the  work  dona  { —  Vs)  by  the  one  arm  is 
always  the  same  as  that  done  upon  the  other. 

Whatever  the  special  arrangement  of  the  two  forces  and  the 
reaction,  the  principle  is  always  the  same,  that  the  lever  is  studied 
at  the  instant  of  equilibrium,  when  round  the  fulcrum  the  sura  of 
its  =  0  ;  then  an  nTOOm  cither  of  the  Force  applied  or 
of  the  Resistance,  beyond   their  ions  at  that  instant,  will 

cause  rotation  round  the  fulcrum 

re  is  a  popular  division  <>i    (even   Into  three  classes,  which  it  is  well 
to  explain  ;   Fij;.  84  Illustrate*  them  all. 

•  it  F  in  Big  84.  A  crowbar,  a  handspike,  | 
pair  of  forceps,  scissors,  or  shears,  a  poker,  a  common  balance, — all  these 
have  the  fulcrum  or  fixed  point  between  the  point  »1  application  of  the  force 
and  that  of  the  resistance. 

Chut  II. — If  the  fulcrum  be  at  A  in  F  ni  the  force  be  apptti 

B,  the  resistance  overcome  at  F  is  numerically  greater  than  the  force  applied 
;,  as  is  found  bj  taking  onmenta  round  A,   AF  >cR  =  (AB  x  y).    Exam; 
■va  furnished  by  \-  where  A  ■  ant  is  aa 

;   by  the  oar  of  u  ho.it,  in  which  the  force  is  applied  at 
the  handle  while  the  tip  of  the  oar  is  approximately  Bf  Mat)  ami  the  resist 

reome  between  tbeee;  by  a  claw  banuni is  mad  for  extracting 
nailM,  where  the  i  ilenun  ii  it  the  end  of  the  -  law,  the  force  is  applied  through 
the  ham  11 1.-,  and  the  resisting  head  of  the  nail  i*  between  thete  pointa , 
•  wheelbarrow,  in  which  the  fulcrum  is  at  the  axle  of  the  wheel,  the  raising 
Ii»roe  is  applied  at  the  handle,  and  the   n  to  be  overcome  is  the 

in  the  bar  sen  the  handle  and  the  wheel. 

('.'lata  III.      '\ .  lame  as  the  second   clas.-,  BXOBpf    thai    the  Force 

and  the  Resistance  have  changed  place*.     As  example  of  this  wc  find  tL.it 
in  a  pair  of  tongi  I   OX  for  coal,  in  which  the  fixed  point  is  at  the 

hinge  or  the  flexible  end,  thi  la  enc<mntared  near  the  end,  and  the 

•  is  encountered  between  these  poinl        The  pe  ninra  that  can  be  applied 
bv  «uch  an  arrangi':)i    i  )omparativel]  feeble,  while  to  overcome  a 

resistance  the  fore  mist  be  proportionately  very  great.     This  is  - 

in  opening  a  gate  by  pressing  on   it   near  the  hinges;  a  considerable  force 
has  to  be  exerted.     Such  an  arras  in  which  force  is  sacrificed  In  order 

u>  gain  amplitude  of  movement,  is  of  ordinary  occurrence  in  the  muscular 

II 
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I'd  into  the  radius  at  a  point  iil.nut  one-sixth  of 
ill.-  .-li.-t.'.m ..-  between  tin-  txii  "f  rotation  >'t"  tin-  elbow  ,i-»ijit  ami  tin- 

the   palm  of  the   hand,      In    Qfdai  t->  raise  a  jionnd-niaps  in  the  hand,  that 

0  mii  a  force  which  Would  ilir^etlv  lift 
6  lbs. ;  but,  on  the  other  liaii'l,  tin-  foivann  lias  a  range  and  rapidity 
ment  >vhii-Ji  it  won:  hu>l  had  th«-  muscles  heen  insert* d  in  tin-  posh  \> 

of  greatest  mechanical  advantage,  not  to  mention 

ding  from  prominence  t<i  prominence  of  the  *  keif  Km  like  the  rin- 
ging of  a  Bhip.  The  pectoral  muscle  ofa  bird,  tin.-  deltoid  DmBOldOJ  man.  In-  •:'•• 
muscles,  acttint--  OSaeoai  leven  of  the  tliinl  Qftd 

Problems. —  I.  Two  potion  MAX  a  lamlen,  M  Da.  in  weight,  by  means 
of  i  bar  of  such  length  that  tin  di.-tance  between  shoulder  and  should  e< 
70  inches.  The  weight  is  suspended  from  a  point  40  inches  from  (he 
shoulder  of  one  of  the  porters.  What  anaie  of  the  burden  is  borne  by  the 
shoulder  of  each  respectively  | — Ans.  This  is  a  case  of  Fig.  84,  in  which  tin- 
weight  of  the  burden  corresponds  to  It,  and  tin  upward  ahnnldflTiTOantiffll 
P  and  Q.  There  is  no  tendency  to  rotation  round  F,  which  is  relatively 
M  at  A  ami  11  must  be  such  that  their  moments  round 
lie  two  equations,  P  +  Q  =  56  and  40  P  =  30  Q,  give 
P=24,  Q=32.  Tin-  porter  nearer  to  the  burden  carries  32  lbs.,  the  OM 
further  from  it  carries  24  lbs. 

2.  A  nut-cracker  6  inches  long  has  a  nut  in  it  an  inch  from  the  hi 
Tin-  band  exerts  a  force  equal  to  the  weight  of  -1  Ik-.:  what  is  the  total  stress 
OB  th.    binge  1 — An*.  The  nut,  as  long  as  it  does  not  yield,  affords  a  fixed 
point  :  th.  -  on  fha  binge  -  the  weight  of  24  lbs. 

The  Wheel  and  Axle. — The  lever,  when  it  has  done  work 
and  raised  a  burden  against  resistance,  moves  into  u  position 
where  the  leverage  ami  the  effective  <  ,.mp<.nent  are  both  dimin- 
ished, as  seen  in  Fig.  SO,  if  the  force  retain,  or  nearly  retain, 
original  direction.  If  by  any  means  matter  could  be  so  arranged 
that  a  lever  would,  when  it  had  moved  out  of  its  position  <.| 
greatest  advantage,  be  replace!  in  the  most  favouiaU.  l.y 

another  lever,  to  which  the  burden  and  the  force  applied  will  be 
shifted,  the  apparatus  thus  constructed  would  in  some  resin 
be  more  useful  than  a  simple  lever. 

This  criterion  is  satisfied  as  regards  levers  of  the  first  order 
by  the  Wheel  and  Axle.    This  consists  of  a  large  wheel  or  cvlin 
and  a  small  one,  both  on  the  same  axis,  and  capable  of  rotating 
together  on  that  axis. 

Each  wheel  may,  if  solid,  be  regarded  as  consisting  of  an 
infinite  number  of  spokes.     One  of  these  spokes  in  the  lai 
wheel,  and  one  running  in  the  opposite  direction  from  the  ecu 
in  the  smaller  wheel,  together  make  up,  when  they  are  for  an 
instant  at  right  angles  to  tin-   lines  of  application  of  the  force 

I  the  resistance,  a  lever  in  the  most  favourable  position. 
soon  as  this  has  left  the  position  of  greatest  advantage  by  Teason 
of  rotation  of  the  system,  its  place  is  at  once  taken  by  auoti 
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Tbi  I  of  a  large  mass  hung  on  the  smaller  wheel  and 

that  of  a  smaller  mass  hung  on  the  larger  wheel  will  balance  one 
another,  if  their  moments  round  the  axis  of  rotation  be  equal.  The 
weights  may  be  replaced  by  a  force  applied  at  the  circumference 
of  the  larger  wheel,  and  a  larger  resistance  balancing  this  at  the 
margin  of  the  smaller  wheel.  This  is  the  principle  of  the  capstan 
and  the  winch — the  former  used  on  ships  for  raising  the  anchor,  the 
r  drawing  buckets  up  wells.  In  the  former  the  spokes 
of  the  tfljger  wheel  are  few,  while  the  smaller  takes  the  form  of  a 
cylinder  or  drum  ;  in  the  latter  the  smaller  takes  the  same  cylin- 
drical form,  while  the  larger  consists  virtually  of  only  one  spoke,  the 
handle,  which  is  timed  through  all  successive  positions  in  a  Q 

The  wheel  and  axle  is  a  statical  instrument  as  long  as  its 
moments  round  the  axis  are  together  =  0  ;    but  when   one  of  tin 
moments  is  numerically  greater  than  the  other,  there  is  rotation. 

Wheelwork. — If  a  force  be  applied  to  the  first  wheel  of  a 
chain  of  wheelwork,  so  that  it  acquires  an  ungular  velocity,  to, 
and  if  the  last  wheel  of  the  chain  have,  in  consequence  of  t 
an  angular  velocity  wi ,  the  force  which  the  last  wheel  can  exert 
is,  as  compared  with  that  which  the  first  wheel  alone  might  exert 
when  running  with  angular  velocity  o>,  as  a> :  a>(.  The.  prineiplr 
holds  good,  whatever  the  nature  or  complication  of  the  mechanism 
which  intervenes  between  the  first  and  the  last  wheel.  In  a 
crane  or  in  a  lathe  arranged  for  metal-cutting,  we  see  the  wheel- 
work  so  devised  that  the  last  axis  moves  very  slowly,  and  with  a 
•sjMindingly  great  power  of  overcoming  resistance. 
The  Inclined  Plane. — The  mechanical  advantage  of  this 
machine  depends  on  the  principle  of  the  resolution  of  a  force  into 
its  components. 

When  a  body  is  pushed   up  an   inclined   plane  by  a  force  or 
push  just  sufficient,  and  no  more,  to  prevent  it  from  moving  down 

plane  in  obedience  to  gravity,  there  is  equilibrium  betw- 
three  forces — xu..,  tins  Force,  acting  along  the  slope  of  the  incline, 
Weight  of  the  body  acting  vertically,  and  the  Reaction  be- 
en the  body  and  the  surface  of  the  plane,  acting  at  right 
les  to  the  latter.  These  three  forces  can  be  represented  by 
the  sides  of  a  right-angled  triangle,  in  which  the 


Hypotenuse      :     Height 


Base 


as  Weight  of  body  :  Push  up  the  plane  :  Reaction. 

If   the   push   be   applied   horizontally,  the  three   forces   in 
equilibrium — which  are  the  Weight  of  the  body  downwards,  the 
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Reaction  at  right  angles  to  the  surface  of  the  plane,  the  Push  up 
the  plane  applied  horizontally — will  have  the  relation  of  the  sides 
of  a  right-angled  triangle,  in  which 

Hypotenuse     :     Height  :  Base 

as  Reaction        :        Horizontal  Force    :     Weight  of  body. 

Velocity  of  fall  down  a  frictlonless  inclined  plane. — If  a 
body  fall  down  an  inclined  plane,  the  potential  energy  lost  by  it  in  virtue 
of  its  vertical  descent  h  is  mgh;  there  is  none  gained  or  lost  in  virtue  of 
horizontal  motion,  in  which  there  is  no  work  done  by  or  against  gravity.  The 
kinetic  energy  acquired  is  imv*.  These  must  Ik-  equal  ;  heme  f  ■  v'sty/i, 
tin:  same  speed  as  would  have  been  acquired  by  a  vertical  fall.  In  the  latter 
case,  however,  the  direction  of  motion  would  have  been  directly  downwards  ; 
in  the  former  it  is  in  the  direction  of  the  plane.  The  reaction  of  the  plane 
has  not  BMdHlod  the  speed  of  the  fall  ;  it  has  modified  its  direction.  i 
speed  at  which  the  body  is  moving  down  the  plane  after  effecting  a  vertical 
descent  h  is  thus  the  tamt  velocity  as  that  which  it  would  have  acquired  if  it 
had  fallen  vertically  through  that  height  h.     But  it  has  trawll.  <1  through  a 

ll0  space  in  order  to  attain  this  speed.  The  acceleration  down  the  plane 
is  therefore  smaller  ;  and  a  hotly  falling  down  a  smooth  I    in   20 

would  take  a  greater  time  to  reach  the  Urttom  than  it  would  tab'  to  fall 
vertically  through  an  equivalent  height,  in  the  ratio  of  20  :  1. 

If  the  body  travelled  down  a  succession  of  Inclined  planes,  or  down  a 
curve,  the  same  ultimate  total  -it  v  would  be  acquired  :  the  reaction  of  the 
curve  alters  the  dim  lion  I  ui  not  the  speed.  If  it  roUt/l  down  the  plane  or 
curve,  a  part  of  its  energy  would  be  rotational  ;  it  would  acquire  a  corre- 
spondingly smaller  velocity  of  fall. 

The  Screw. — In  Fig.  85,  across  the  rectangular  parallelogram 
Aaa'B  are  drawn  equidistant  lin.s  aa',  bb\ 
cc\  dd\  etc.,  at  right  angles  to  Aa  and  Ba'. 
The  lines  ab',  be',  cd',  etc.,  are  drawn  as 
there  shown.  If  the  surface  Aoa'B  be 
wrapped  round  a  cylinder  whose  circum- 
ference is  equal  to  AB,  the  line  Aa  will 
coincide  with  I»a',  and  the  lines  ab',  be,  r<l' , 
etc,  will  form  a  continuous  spiral  line  abed 
round  the  cylinder,  and  will  trace  out  the 
form  of  the  thread  of  a  screw  whose  pitch 
is  ab,  the  distance  between  the  equidistant 
lines  ab',  be,  etc.  Hence  the  thread  of  a 
screw  is  seen  to  correspond  to  a  narrow 
.f  incliued  plane  wrapped  round  a  cylinder. 
A  screw  is  usually  used  as  a  mechanical 
power  for  the  sake  of  moving  a  body  through 
a  small  space  with  great  force,  as  in  the 
copying-press :   in  this  the   mechanical  advantage  is  due  to  two 
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causea : — (1)  in  accordance  with  the  principle  of  moments,  the 
resistance  borne  by  the  thread  of  the  screw  is  at  a  less  distance 
from  the  axis  of  rotation  than  are  the  points  of  application  of  the 
poll  and  push  of  the  two  hands  to  the  handle ;  and  (2)  the 
resistance  directly  encountered  by  the  point  of  the  screw  has 
merely  a  component  effective  along  the  thread  of  the  screw,  this 

nponent  varying  with  its  pitch,  In  fact,  the  screw  is  an  in- 
clined   plane    in    which    the    force   is   applied    horizontally,    the 

(stance    \  ami    the    reaction   at   right   angles   to    the 

thread ;   and  we  have  seen  that  in  this  case  the 

Force  :  Resistance  overcome  :  :  Height  of  inch  plane  :  its  Base. 
Hence,  the  less  the  pitch   of  the  screw — the  greater  the  number 

turns  to  the  inch — as  well  as  the  greater  the  leverage  of 
the  handles,  the  greater  the  mechanical  advantage  that  can  be 
derived  from  its  use. 

/'/■'.' 

What  is  the  nircktiiirtl  advantage  which  can  lie  obtained  in  a  copying- 
prens  of  the  following  canBtrbction  : — Effective  radius  nf  the  anna  12  inches — 
•ere*  U  inches  thick  —  pitch  j  inch  7 — Am.  The  hands  move  through  1  inch, 
while  the  paint  of  the  screw  descends  TA¥  inch.      .  • .  F1  =  1  28F. 

The  Wedge. — A  wedge,  as  seen  in  Fig.  86,  is  practically  a 
double    inclined    plane   movable   between  resist-  ,     pt^.s«. 

ancee.  i    blow  there  are   at  work  (1) 

(he  driving  force  acting  downwards  through  the 
centre  of  AB,  (2)  a  reaction  at  right  angles  to  AC, 
and  (3)  one  at  right  angles  to  BC ;  these  latter 
being  through  the  point  of  contact,  or,  if  there  be 
contact  over  the  whole  of  AC  and   BC,  through 

centre  of  these  lines.  These  must  cross  in 
a  point  if  the  equilibrium,  which  subsists  the 
instant  before  the  wedge  commences  to  move,  be 

and  the\  must  tx  nted  by  the  sides  of  a  triangle. 

Bond  the  point  at  which  they  meet  the  moments  =  0. 

Pulleys — These  well-known  objects  are  wheels,  solid  or 
spoked,  mounted  in  a  framework  or  block,  which  is  either  mov- 
able or  fixed  to  a  beam  or  other  solid  attachment.  The  simplest 
use  of  a  pulley  is  to  change  the  direction  of  application  of  a  force 
applied  to  a  cord.  The  total  tension  of  the  cord  on  one  side  of  a 
pulley  would,  If  then  were,  do  friction,  be  equal  to  that  ou  the 
MS  side  of  it,  while  the  motion  of  the  cord  on  the  one  side  of 

pulley  is  in  any  case  equal   to  that  ou  the  other  side,  what- 
ever be  the  size  of  the  pulley,  and  whatever  he  the  amount  of  tie- 
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flexure  to  which  the  cord  is  subjected.  A  single  pulley  thus 
produces  no  mechanical  advantage  if  it  simply  serve  this  pur- 
pose ;  but  if  this  pulley  be  itself  movable  against  a  resistance — if, 
for  instance,  a  heavy  mass  be  suspended  from  it,  while  the  other 
end  of  the  cord  is  attached,  Bay,  to  the  roof — a  movement  of  the 
suspended  mass  through  one  inch  would  correspond  to  the  pulling 
in  of  two  inches  of  cord,  and  the  hand  exerting  the  force  would 
move  through  a  space  twice  as  great  as  that  traversed  by  the 
pulley.  Thus,  by  the  intervention  of  a  cord,  one  end  of  which  is 
Bod  of  a  single  pulley  round  which  the  cord  is  beut,  a 
resistance  2  may  be  overcome  by  a  force  just  greater  than  1. 
This  principle  of  reduplication  of  a  String  round  a  pulley  is  taken 
advantage  of,  and  practically  turned  to  use  in  combinations  of 
pulleys,  in  any  of  which  the  mechanical  advantage  is  the  numerical 
ratio  of  the  amount  of  string  pulled  out  to  the  corresponding 
movement  Of  the  body  pulled  upon. 

The  Bell-crank. — If  in  Fig.  87  the  rigid  body  ABC,  wl 

can  rotate  round  A,  have  a  force  applied 
to  it  at  C,  its  tendency  to  rotate  round 
rig.87.      A  may  cause  motion  at  B  against  a  re- 
sistance It.     The  principle  of  moments 
o  shows  us  that,  whatever  the  ornamental 
shape  of  the  crank,  the  relation  of  the 
resistance  R  overcome,  to  the  force  P 
exerted  depends  on  the  relative  lengths 
*      of  the  effective  arms  AB  and  AC. 
The  Knee. — In  Fig.  88  if  two  bars  be  jointed  at  O,  and  their 
ends  A  and  B  be  confined  to  a  given  straight  lin«   CD,  <  move- 
ment of  the  hinge  O  athwart 
the  direction  of  the   line   CI) 
corresponds,    especially     wl 
AO  and  OB  are  nearly  in  the 
_  same  straight  line,  to  a  relative 
motion  of  A  and   B,  which  is 
oortionately  very  small.     Hence  A  and  B  arc  thrust  asunder 
with  a  force  greater  than  that  which  acts  upon  the  hinge  and 
presses  it  into  its  central  position.     This  contrivance  is  used  in 
some  copying -presses,  hand  printing-presses,  and  railway- tir! 
endorsing  machines.     It  is  seen  in  the  human  knee :   VI I 
leg  is  straightened  out  a  vigorous  thrust  upwards  and  forwards  is 
to  the  body,  and  a  corresponding  one  down  wants  and  back- 
wards to  the  earth  on  which  the  loot  presses. 
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A  i  had  between  two  points,  and  loaded  by  i  weight  or  by  fthe 

pressure  of  the  wind,  is  a  knee  whose  action  is  ravened.     It  tends  to  pull 
ler  the  two  supports  ted  ;  and  if  there  were  any  move- 

dbbI  of  tbeee  rapport*,  11  would  bt  mud]  in  compexiSQXi  with  the  ootrespond 

in#   in  ■  centre  of  tin.-  wire.      Thus   the   force  Beting   QpOB   thfl 

■rt*  and  resisted  by  them  is  greater  than  that  acting  opoa  tin-  win 

FRICTION. 

Friction  between  Solids. — If  a  mass  M  be  supported  do 

i  the  weight  I'    bo   employed    to   pull   it 

«ls  the  edge,  tlie  body  M  will  not  commence  moving  unless 
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nan  of  P  hour  ;i  certain  proportion  to  that  of  M.  This  pxo- 
portion,  a  fraction  less  than  unity,  is  the  coefficient  of  statical 
friction,  is  usually  represented  by  the  symbol  p,  and  has  to  be 

rimentally  found. 

F  :  M  :  :/i  :  1,  or  F  =  /tM. 

riment  has  shown  that  the  coefficient  of  friction  depends 
upon  \  1)  the  nature  of  the  substances  of  which  M  and  T  consist, 

ue  smoothness  or  roughness  of  their  surfaces,  (3)  the  presence 
or  absence  of  lubricating  substances — oil,  soap,  blacklead — 
between  them. 

The  coefficient  <>r'  friction  is  the  same  between  the  same  two 
luitever  the  mass  of  M — that  is  to  say.  the  mass  F 
must  bear  t<»  I  M  always  the  same  ratio;  thus  the  Friction 

itself — the  resistance  to  sliding  between  M  and  T,  overcome  by 
the  weight  of  F — varies  directly  with  the  weight  of  the  mass  to 
lie  moved,  and  therefore  varies  directly  with  the  pressure 
1  n*t ween  the  given  surfaces.  Again,  the  mass  M  may  be  dis- 
tributed in  any  way,  and  the  contact  between  M  and  T  may  be 

-urface  large  or  small.  If  the  area  of  contact  be  diminished, 
the  pressure  on  each  unit  of  area  will  be  increased,  and  there- 
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fore  the  friction  on  each  unit  of  area  will  be  proportionatelv 
greater;  but.  the  number  of  units  of  area  over  which  this  resist- 
ance is  exerted  is  correspond ingly  smaller,  so  that  the  mass  F, 
the  weight  of  which  is  just  competent  to  pull  the  mass  M  to- 
wards the  edge,  remains  the  same.  Hence  the  total  friction  is 
independent  of  the  area  of  contact  between  two  given 
masses ;  but  the  friction  per  unit-area  of  contact  varies  directly 
as  the  pressure  per  unit-area. 

Limiting' Angle. — In  Fig.  89  we  may  consider  the  equilibrium 
subsisting  at  tin'  instant   I  ■  ■  mass  M  begins  to  slide  on  T. 

The  mass  M  is  at  rest  under  (1)  its  own  weight  acting  vertically, 
(2)  the  force  F  acting  horizontally,  and  (3)  the  reaction  li  between 
II  and  T.  Tins  is  inclined  at  BO  an^le  6  to  the  vertical.  The 
horizontal  OOlSponfint  is  to  the  vertical  as  tan  6  is  to  1.  But 
rornpnii,         K 

~  M 


=  Ti  =/x: 


/i  =  tan    6  =  the    coefficient    of 


oompon. 

statical  friction. 

Any  fom  applied  to  M,  or  any  set  of  forces  whose  resultant 
acts  on  it  in  a  line  making  with  the  normal  to  the  surface  be- 
tween M  and  T  an  angle  less  than  6,  will  not  prodnoe  sliding, 
If  there  were  no  friction,  any  force  applied  to  M  in  a  direction 
differing  in  the  least  degree  from  the  qgrdsJ  would  have  a  com- 
ponent which  would  produce  sliding;  but  friction  makes  it  neces- 
sary that  a  force  should  be  wide  of  the  riornml  to  tin;  surfaces  of 
contact  by  something  Dion  than  tin-  Limiting  Angle  0  before 
hiding  can  be  caused  by  it 

If  a  Mat  pit  •  >>f  wood  be  placed  on  a  table,  and  pressed  against  the  tabic 
by  a  stick  held  ut  right  angles  to  it,  it  will  not  Blip  :  the  htiYk  may  bs  in- 
clined somewhat,  md  htill  it  will  not  slip  :  when  the  stick  El  1  more 
tli. in                   smomil  tin-  pit  r<  of  wood  commences  to  slip  on  the  tfth 

If  M  I'f  |  T  byt  force  P  MtfBg  in  a  line  which  make*  any 

normal,  we  i  into   two  coiiijm merits  :  one  at  right 

t--  tli.-  Muhuv,  =  P  cos  «/>,  produce*  pressure  befcWMO  these  surfaces; 
D    </>.  is   As   «oni|Mm«nt  winch   tend*  to   produce  sliditi 

<£       sliding   component  ,      ,  ,  ,  ,  .  ,   , 

= 7  ■■  — - be  less  than  or  equal   to  ll,  there  will    I 

r  cos  9  j •!•.-■-  io 

r  than  fx  (i.e.,  if  0  be  greater  than  0),  sliding  will  occur. 
If  there  be  no  sliding,  the  component  wluh  fcmdi  u>  prodooi  it  sets  up 
a  condition  of  stress  between  the  particle-*  of  the  two  ladies,  and  thus  a 
OB  in  Ml  up   bf  mil.  •  ul.ir  iWi-os,  equal   ■  k-  in  that  direction. 

The  amount  of  this  reaction  dejwnds  on  the  molemlar  conditions  of  the  sub- 
stances, and  is  only  to  be  determined  by  experiment. 

Angle  of  Repose.  8  a  mass  to  be  placed  on  a  tabh-. 

and  the  table  to  DC  tilted  up  until  the  mass  is  just  about  to  begin 
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to  slide.  At  tliat  moment  theTe  is  equilibrium.  To  what  angle 
can  the  table  be  tilted  up?  Let  ^  be  the  coefficient  of  fri«-t.i OB 
between  the  mass  and  the  table.  The  one  will  then  slip  on  the 
other  if  a  force  be  communicated  between  them  in  the  direction 
of  a  line  making,  with  the  normal  to  the  surfaces  of  contact,  an 
KBgle  greater  than  6.  Tn  Fig  90  are  shown  two  positions  of  the 
table  T  bearing  the  mass  M.  1  n 
I -'th  the  dotted  line*  indicate  the 
limiting    &ng!fl    0-     in     both    the 

U     W    of    the   mass   M    acts 
rertacaily  downwards.    The  equili- 
brium, then,  is  between  (1)  the 
pressure    produced    between 
mass  and  the  table,  at  right  angles 

i       .  — W  os  <£;    (2) 
sliding  component,  =  W  sin  <£  ;   and  (3)  the  reaction  ol  the  table, 
■ana]  and  opposite  toW,  the  w  be  body.    In  the.  first  case 

of  Fig,  00  the  reaction  between  the  body  and  the  table  falls  within 
the  limiting  angle, and  there  is  no  sliding:  the  sliding  component 
is  less  than  /*  x  the  pressure.  In  tie*  second  case  the  limit 
is  reached ;  the  sliding  component  is  just  equal  to  ^  x  the 
pressure,  and  is  just  able  to  balance  the  friction.  If  the  table 
were  tilted  up  any  farther,  eliding  would  occur.  But  in  the 
second  case  it  is  easy  to  show  that  the.  angle  (ft,  to  which  the 
table  has  been  tilted,  is  itself  equal  to  6,  the  limiting  angle. 
Hence  the  angle  6  is  also  called  the  Angle  of  Repose.      Upon 

Coefficient  <>f   mutual    friction   depend  in  this  WftJ  the  angles 

at  which  heaps  of  Band,  of  grain,  and  tin-  like,  will  adjust  bhezn- 

-  when  poured  out  and  allowed  to  lind  their  own  posit  inn. 
This  angle  0  has,  then,  three  properties:  (I)  the  Coefficient 
ktical   Friction,  /x  =  tan  6\  (2)  6  is  the  Angle  of  Repo.se  ; 
Limiting  Angle. 
Kinetical   Friction. — After   slipping   has    commenced,    the 
flotation  produced  by  a  given  force  is  less  than  it  would  have 
n   if   there  had    been    no    friction.      The    force    is    apparently 
iltuiinished  in  a  certain  proportion:  it  has  lost  a  fraction  k  of" 
amount;  the  velocity  produced  is  diminished  in  that  proportion; 

!     Ratted,  but   not  destroyed,  in    the   form  of  1  The 

"  coefficient  i»f  kinetical  friction,"  /.-,  is,  however,  not  so  great  as  /*, 
the  coetl  rj  Statical  friction. 

Influence  of  Duration  of  Contact. — When  two  Indies  h 

n  a  long  time,  the  particles  of  each  develop  tm  h 
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i.  In t ions  to  one  another  that  /*,  the  coefficient  of  statical  friction, 
Btffl  with  the  duration  of  contact;  it  is  more  difficult  to 
make  a  body  slide  on  another  with  which  it  has  been  long  in  con- 
tact than  on  one  on  which  it  has  freshly  been  placed.  When  one 
i  ides  on  another,  the  particles  seem  to  have  no  time  t<> 
i  -nine  such  relations,  and  the  coefficient  of  kiuetical  friction  i^ 
comparatively  small ;  at  very  great  velocities  it  is  even  somewhat 
smaller  than  at  ordinary  velocities ;  but  when  the  velocity  of 
sliding  is  very  small,  the  condition  approximates  to  one  of  relative 
refit,  tin- coefficient  of  kinetical  friction  approximates  to  that  "1 
statical  friction,  and  a  largcT  proportion  of  energy  disappears  at 
very  low  speeds  than  at  high. 

Friction,  then,  is  not  a  force  :  it  is  a  resistance  or  reaction  ; 
it  corresponds  to  the  absorption  of  energy  by  its  transforma- 
tion into  a  molecular  kinetic  or  potential  form  :  in  the  former 
case  the  energy  absorbed  may  perhaps  assume  the  form  of  the 
energy  of  electrical  condition,  but  ultimately  it  takes  that  of 
in  the  latter  case  it  corresponds  to  a  stress  between  the 
particles  of  the  bodies,  to  pull  which  asunder  requires  a  certain 
amount  of  force.  But  Friction  acts  and  may  enter  into  cal- 
<  uhitions  as  if  it  were  a  Force,  never  coming  into  action  unless 
force  be  applied,  always  tending  to  prevent  slipping,  and  its  total 
amount  is  either  proportioual  to  the  total  pressure  between  the 
bodies  in  contact,  if  there  be  rest,  or  else  to  the  velocity  of 
motion,  if  there  l>e  relative  motion. 

So  for  friction  between  solids;  but  Friction  of  Solids 
against  Liquids  depends  directly  upon  the  extent  of  surface  ex- 
posed ;  it  further  increases  with  the  velocity,  for  it  is  proportional 
to  p2.  F  oc  (area  x  v3).  It  is  found  that  wcll-<>il«>d  U-arings 
present  this  fluid  friction  ;  perhaps  the  friction  uf  sharp  skates 
against  smooth  ice  may  be  Gooud  to  be  in  the  same  category,  I 
ice  being  melted  as  the  skate  runs. 

At  "ilimiry  working  velocities  of  axles  in  tlu-ir  bearings  the  coefl 
of  kinetical   friction  is,  botWtan   im-tal  and  nutal,  approximately-     mutant. 
If  castor  oil  bt  used  as  a  luhricnnt,  tbfl  coefficient  «>f  friction  is,  it  LOW  speed?, 
very  small ;  but  it  increases  rapidly  as  the  speed  rises.     U  01  thin 

petrolenm  oil  bo  iitwd  as  a  lubricant,  the   friction  at  speeds  beyond  a  certain 
limit  is  very  small  ;  hut  at  speeds  whose  average  is  below  that  limit  th>  < 
ajtnmata  "  biting     tad   dipping.     Hence  for  axles  at  low  speeds,  thick  oil 
for  high  speeds,  thin  oils. 

Belting. — There  is  a  very  interesting  and  familiar  case  in  which  friction 
serves  as  a  means  for  the  transmission  of  energy — that  is,  transmission  by 
mnchine-1  siting.     A  routing  wheel  has  a  belt  tightly  drawn  over  it,  as  also 

r  a  second  wheel,  not  too  near.     The  belt  must  be  tight,  so  that  there  may 
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be  more  pressure  between  the  leather  and  the  boa,     If  the  wheel  be  very 
small  or  the  motion  be  very  rapid,  th.-  mutual  pressure  between  the  1 
md  the  boo  may  1m'  lessened  by  tl  if  the  belt,  which  tends  to  paw 

the  wheel  ami  t4>  bf  carried  on.  The  friction  is  proportional  to  the  pressure 
between  the  wheel  ami  the  belt,  Ibf  the  relation  of  the  wheel  to  the  belt  [| 
practically  one  of  rv-t.   though   the   ffffftlfW   in   <■  M  change I 

instant  to  instant.     There  being  no  dipping  tin*  friction  is  statical,  and  is 
proportional  to  the  pressure.     Though  the  bell  and  the  wheel  do  not  move 
relatively  to  one  another,  they  move  relatively  to  surrounding  objects,  and 
If  the  second  wle  to  rotate  on  an  axi?, 

;:  after  portion  of  its  rim  tends  to  remain  at  rest  relatively  t..  the 
r,  and  the  second  wheel  is  set  in  motion  round  its  axis.  The  tension 
•  •f  the  belt,  that  is,  the  Total  Tension,  is  greater  nearer  the  driving  power 
than  it  is  on  the  other  side  of  the  wheel  driven.  This  is  because  energy 
has  been  taken  up  in  preventing  ri-l:itiv«:  motion  of  the  belt  ami  th. 
wheel,  or — another  mode  of  expressing  the  same  thing — in  producing 
absolute  motion  of  the  latter.  ThL-  dilfei-ence  of  teuton  tl  equivalent  to  a 
force  directly  applu-d  to  the  rim  of  the  wheel  Thus  the  kinetic  energy  of 
the  driving  «  pert  imparted  to  the  It    Mn      .  It  and  the  rotating 

wh«-  DOOBM  to  form  a  pert  of  the  same  system  with  the  driving  win  el  ; 

■  cuiml  rotate  so  fast  when  it  is  second  w heel  as  it  can 

wh-  ;  rig  so,  the  same  energy  being  supplied  to  it  ;  and  thus  energy 

i  i*  the  theof]  Dg  when  there  is  no  dipping  ;  but  in  pr.< 

there  is  always  some  slipping.     The  part  of  the  belt  in  front  of  the  pulley  is 
under  greater  tension  than  the  part  behind  ;  it  is  therefore  more  stretched 
u^umes  a  greater  length  ;  lad  this  involves  slippiug,  which  causes 
a  loss  of  energy  spent  in  deforming  the  belt,  and  ultimately  transformed  into 
heat  in  the  belt  ;  a  loss  which  in  the  case  of  leather  belting  is  appreciable, 
but  which  in  the  case  of  indiarubber  belting  is  very  considerable.     (Osborne 
Ids.) 
The  of  belting  is  greatly  increased  when  the  rim  of  the  wheel 

Md  with  leather,  hair  side  outward*,  the  hair  aide  of  the  leather   I 

being  luv/eide 

Resistance  to  Traction. — When  a  heavy  body  is  moved   along  a 
frictionless  level  path,  no  work   is  done  by  OB  against  gravity.     The  : 
required  to  set  the  body  in  motion   i-  proportional  to  it*  mass  and  to  the 
vel«-  it  ted  in  a  unit  of  time,      ¥  =  ma.      Bnt  kinetic  friction  would 

apparently  diminish  the  force  by  a  fraction  k.      Thus  it  is  equivalent  M  ■ 
retarding  force  <>f  AF  or  hna.     Thus  the  friction  is  | 

m,  and  therefore  to  the  weight  of  a  vehicle.     It  is  said,  then,  that  the  fric- 
D  overcome  by  of  a  raih  ual  to  a  resistance  of  so 

many  pounds  to  each  ton  of  the  train's  weight.  In  &QM  w.iv,  ft  l  :.iin  ol  LOO 
tons  may  be  pulled  along  a  level  road  by  an  engine  which  overcome!  a 
I  of  60  lbs.  per  ton,  and  thus  the  work  to  be  done  by  the  engine  h 
the  feme  as  it  would  have  been  hail  the  load  been  5000  lbs.  drawn  vertically 
npw:.  train  is  travelling, 

li  ton,  nothing  being 

aid  of  the  velocity.     This  is  because,  within  wide  limits,  the  Coefficient,  k, 
•  »f  kinetics!  fr  practically  independent  of  the  velocity  ;  though,  v 

the  speed  becomes  very  small,  the  waste  of  energy  occasioned  bv  friction 
i  proportianately  large,  the  converse  holding  good  at  high  speeds. 
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When  a  hone  draws  a  cart  up  .1   lull   the  sldpe  of  which  is   1   (vertical 
rise)  in  10  (road-length),  the  principle  of  the  inclined  plane  shows  us  that 
the  animal  has  to  put  forth  an  effort  corresponding  to  lifting  a  weight  of  ^j 
tin-  bmh  moved  ;  but  further,  it  has  to  overcome  tin-  Motional  resistan 
widen  are  equivalent  to  an  extra  weight. 

When  ■  man  walks  his  knee  is  straightened,  and  his  hody  is  projected 
forwards  and  upwards  at  each  step.     The  impulse  may  be  resolved  into  two 
OJ&pananli  :  one  upward,  which  may  raise  the  centre  of  (gravity  of  the  body 
about  an  inch  or  an  inoh-and-a-qnarter  ;  one  forward,  which  hat  to  PtatQttBM 
the  inti.Tiiiittj.-nt  N  I  by  the  stoppage  occurring  at  the  I 

of  each  step,  when  the  foot  of  the  opposite  side  strikes  the  ground.     This  is 
an  intermittent  friotional  resistan '•<■. 

It  then  weft  ii"  friction  between  the  wheda  of  a  railway  train  and  the 

1  road,  there  would  DC  slipping  but  no  progress.    Friction  between 

the  wheels  and  the  rails — friction  proportional  to  the  weight  of  the  vehicles 

— has  the  effect  nf  preventing  slipping  ;  but  (aa   tu  the  case  of  belting)  this 

corresponds  to  £ba  oiaintana&ci  of  a  itata  of  rolling  adhesion,  under  which 

each  wheel  is  lamed  round  and  rolls  upon  the  r, 

The  mechanical  powers,  when  friction  is  taken  into  account,  give 
rise  to  aavexa]  prdblenu  ;  but  t  1 1  •-  |>hv.-ical  principle  underlying  tin;  whole 
subject  i*  the  sim  1     n<  i he  same  way  as  a  force  opposed  to 

sliding,  and  that  it  is  proportional  to  the  pressure  or  to  the  actual  velocity  of 
sliding,  as  the  ease  may  be.  Ab  an  example  let  us  take  this  question  :  A 
copying-press  is  pressed  hard  down  on  the  copying- book  ;  the  hands  are 
1  ;  the  book  raoalni  under  pressure  ;- — why  does  the  BBMW  B0l  come 
up  ?  The  reaction  of  the  l>ook  has  a  component  up  Sal  lim-  of  the  thread 
Of  the  screw  ;  this  would  tend  to  send  up  the  screw,  but  it  is  counterbalan 

as  a  resistance  in  the  opposite  direction  down  the  thread. 
It  may  be  left  to  the  leader  to  show  (1 }  that  the  battel  the  screw  is  oiled  the 
less  able  will  it  be  to  retain  its  hold  ;  and  (2)  that  a  screw  of  too  large  a  pitch 
(one  the  turns  of  whose  thread  are  too  far  apart)  may  fail  to  hold  the  book 
down.  The  upward  pressure  is  resolved  into  (are  components,  of  which  th-. 
one  along  the  thread  of  the  screw  must  not  be  greater  than  ft  x  the  com- 
ponent at  right  1  it  be  greater  Hum  re w  will 
•Up  up  wards  in  its  nut. 

Prol 

If  ••  a  force  applied  at  the  centre  oj 

side,  ami  it*  t  >  I  he  cent  res  of  its  other  sides  (the  ends  being  neglected), 

and  if  there  be  friction  :   prtr  bflVB  is  a  point  round  which  the  Mini  of 

tbfl  moments  _  0  ;  that  that  point  i-  and  that 

in  omen!*  round  the  cent  that  there  is  a  rotation  of  the 

whole  wedge  in  men  a  mm  that  the  riiitt.  el  figure ia carried  bmri  mnte 

the  action  of  the  driving  force  farther  than  is  that  point  round  which  the 
'•  rotates. 

Friction  on  a  raindrop.  —  A  raindrop  falling  in  vacuo  through  a 
height  h  feet  WOOld  acquire  11  Velocity  r  %/tyft  =  8249  s/h  feet  per  second. 
Its  starting  point  might  easily  be  so  distant  that  a  blow  from  a  raindrop  travel- 
ling under  these  circumstances  would  be  fatal  to  any  living  b-  '  bv 
it.  But  at  every  instant  of  its  course  it  is  subject  to  kinetic  friction  tend- 
ing to  reduce  its  velocity  at  the  instant ;  at  the  same  time  it  is  Bohjfl 
accelerating  force  of  gravity  :  and  thus  there   must  be  a  certain  velocity 
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at  which  the  retardation  of  friction  and  the  acceleration  due  to  gravity 
will   balance  one  another,   and    the   drop,  if    it   once  ;it:  s    speed, 

would  retain  it,  and  fall  with  a  constant  velocity.  This  happens  in  the 
case  of  the  raindrop,  and  also  in  the  case  of  a  stone  or  granule  falling  in 
deep  water. 

Friction  of  a  rope  round  a  poet. — This  is  familiar  in  the  example 
of  a  rope  passed  round  a  poet  on  ft  quay  bl  order  to  hold  fast  a  ship.  If 
any  little  part  or  element  of  the  rope  he  considered,  it  will  be  seen  that  the 
friction  is  proportional  to  the  pressure  of  that  part  of  the  rope  on  the  post, 
and  to  a  certain  extent  it  tends  to  prevent  dipping  ;  in  this  it  partly 
counteracts  the  tension  of  the  rope  ;  the  total  tension  communicated  to  the 
end  of  the  element  of  the  iojh:  further  from  the  applied  Enot  is  less  in  00D> 
sequence  of  thi>  than  it  would  have  ben  if  there  had  been  no  friction.  If 
we  trace  out  in  this  way.  along  thfl  rope,  the  gradual  diminution  of  tension, 
we  find  that  the  tension,  after  a  e  I  urn  of  the  rope  round  the  post, 

dwindles  down  to  a  constant  fraction  1/c  of  the  original  tension,  lietween  a 
flexible  rope  and  wood  this  constant  fraction  is  about  |  ;  hence  a  force  of  1  lb. 
could  prevent  a  force  of  9  lbs.  from  pulling  a  flexible  Npt  round  I  post 
round  which  it  had  been  passed  so  as  to  form  a  complete  turn.  Aflat 
two  turns  the  tension  becomes  Hlr  ;  after  ten  turns  it  becomes  1/910 
=  1/3466,784401.  Hence  a  man  exerting  a  force  of  1  lb.  at  the  end  of  a 
rope  woun>I  in  time*  round  a  jKxst  would  be  able  to  resist  a  pull  of  about 
one-and-a-half  million  tons.  Of  course  this  is  not  attained  in  pi 
do  ropes  are  thoroughly  flexible,  and  DOM  are  strong  enough  to  stand  such 
■Cresses;  but  a  perfectly  flexible  rope  would  dimini>li  in  this  manner 

■  ■  t.-  tin-  diameter  of  the  post  round  whirl)  it  is  wrapt. 
Rolling  Friction. — When   a  bftll   is  set  to  r<.ll   On  i.  «•  it  goes  farther 
than  it  can  on  a  wooden  floor  ;  father  00  th.it  than  <»n  a  Oftfpftt  ;  farther  on 
Bftfpot  than  on  grass.     The  rotation  is,  however,  at  length  stopped.     To 
produce  a  rotation  a  couple,  or  something  equivalent  to  a  couple,  is  needed  ; 
to  stop  rotation  a  single  force  ia  competent.      T).  the  mOflMDJIt  of  the 

tpoaad  to  tt  IC  rotation  be  stopped.      The 

rotation  of  the  ball  is  Mopped  by  the  resistance  of  friction.  This  is  equal  to 
a  email  force  acting  at  the  surface  of  the  ball,  and  bearing  a  constant  ratio  to 
the  pressure  produced  by  its  weight  Thil  ratio  is  very  small.  The  resist- 
ant- o  a  wheel  rolling  along  the  ground  is  much  less  than  the  resi.st- 
ance  to  the  same  object  pressing  against  a  brake.  It  ifl  w-iv  Dntoh  Bftfttftl 
to  move  the  trunk  of  a  tree  by  letting  it  on  logs  which  roll  on  the  ground 
end  under  the  trunk,  than  it  is  to  drag  it  along  tin  ground.  There  is  less 
friction  at  a  well-oiled  hinge  or  wolUnbricated  joint  than  there  would  be 
in  any  other  contrivance  used  for  transferring  a  given  muss  from  one  position 
to  another.  If  a  wheel,  instead  of  having  its  axle  supported  in  Wrings,  have 
it  supported  on  a  couple  of  pairs  of  Friction-wheels  vMi  -to 
rotate,  the  axle  as  it  turn*  does  not  rub  against  a  fixed  bearing,  but  tin 
friction-wheels  yield  and  rotate,  so  that  the  rotating  axle  is  supported 
surface;  which  travel  at  the  same  rate  with  it,  ami  on  is  accord- 
ingly very  small. 

The  friction  is  affected  by  the  relative  softness  of  the  surfaces  in  contact. 
(Oaborne  Reynolds).     An  iron  wheel  i  on  an  indiarubber  plane  will 

raise  up  before  it  a  little  mound  of  indiarubber  ;  ami  if  it  atop,  this  littlr 
mound  will  recover  its  form  and  drive  the  wheel  backwards,  thus  making  it 
oscillate      The  friction  of  iron  upon  indiarubber  is  thus  ten  limes  as  great  as 
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the  friction  of  iron  upon  iron.  Conversely  an  indiarubber  tire  is  deformed 
in  the  some  way  against  a  hard  surface.  This  tendt  ncv  to  thrusting  forward 
the-  ii]  i  both,  but,  e-pecially  the  softer substance,  results,  in  the  case 

of  iron  railway  rails,  in  the  wear  of  the  rail   by  scaling  off  of  successive 
••.  of  iron. 

A  similar  result  may  influence  most  cases  of  ordinary  tiicti.n,  a*  in  tin 
spreading  of  puttv  with  the  thumb,  to  take  an  extreme  case. 

Friction-Dynamometers. — Friction  may  bo  utilised  M  a  means  of 

nt  of  Rate  of  Doing  Work*     Suppose  a  cord  passed  round  a  I 

iiig  pulley  ;  the  two  ends  of  the  ...nl   pass  away  B  pulley,  both  ver- 

a  line  with    OOfl  another;   the  lower  end  El  K  retched  l-v 

;7  dynes  ;  tin*  upper  end  pulls  upon  a  li.\.-d  .spring  md  imparts  to 

it  a  strain  which  indicates  a  total  tension  of  N  dynes.     The  weight  mg  is  bo 

great  and  tightens  the  string  so  much  that  the  whole  of  the  energy  of  the 

pulley  is  spent  in  overcoming  friction,  and  the  pulley  stops  at  once  when  the 

driviug  power  is  withdrawn.     Th-  string  wraps  round  the  circumference  of 

tin-  pulley,  i.e.,  2irr  cm. ;  the  velocity  of  that  circumference  in  passing  any 

f  the  string  is,  if  the  pulley  rotate  n  times  per  second,  v  =  n .  2irr  cm. 

per  second  ;  the  force  overcome,  f,  is  the  difference  between  m/j  and  N,  tV. 

(mg  -  N)   dynes  ;  the  product  fu   is  therefore  equal   to  n.2m.  (iw//  -  X). 

This  product  fv  measures  in  ergs  the  work  done  per  second  by  the  revolving 

pulley,  the  Rate  of  Doing  Work  of  the  pulley  (p.  41).     Instruments  of  this 

class  may  be  graduated  so  as  to  indicate,  by  the  amount  of  distortion  of  a 

spring,  the  working  value  of  a  steam-engine  in  horse-powers  :  the   wh-..le 

•n  to  the  dynamometer  for  a  brief  | 
the  ecale-readinu  of  th.  spring  observed,  as  well  as  the  speed  of  rotation  of 
the  pulley. 

Activity  In  Belting. — The  transmission  of  energy  by  belting  is  sub- 
ject to  th.    law  that  Activity  =  Fv;  v  being  the  velocity  at  which  tl 
run-,  and  F  flu  tension  (i.e.  total  tension)  along  the  belt.  ;  tl 
essentially,  the  difference  of  tension  between  the  OtttgofatyJ  and  the  incming 
parts  .  It     Let,  for  instance,  the  speed  of  the  belt  be  400 

minute  or,  say,  200  cm.  per  second  ;  and  let  the  effective  total  tension  08 
the  b.  |  nl    bo    the   Wright    of    100    ki  BOM    01    to    98,100,000 

flM  Activity,  Of    rat.    oi    transmission  of  energy  =  ¥v  =  Ten  - 
riOB  x  Velocity  =  98,100,000  x  200  =  1 9620,000000  ergs-per-second,  or  about 

poww, 

If  the  velocity  be  very  great,  the  tension  may  be  small.  Thus  let  the 
velocity  be  6000  foot  per  minute  or,  say,  3000  cm.  per  second,  a  speed  which 
has  been  attained  in  practice  ;  and  let  the  desired  activity  of  transmission  be 
100  hone-power,  or  745,948,005,000  ergs  per  second  ;  we  have  Activity  — 
Ft»,or  745,948,005,000  =  3000  F;  whence  F  =  248,649,335  dynes,  and  th. 
tension  F  is  therefore  equal  to  the  weight  of  248,049,335/981  ■  253,465 
grammes  or  253 '465  kilogrammes.  Such  a  tension  would  (since  steel  has  a 
king  weight "  of  33  tonB  per  square  inch)  be  barely  able  to  snap  a  steel 
I  |  cm.  diameter  ;  whence  a  slender  steel  wire-rope  may,  at  wry  hiuh 
speeds,  be  safely  used  to  transmit  large  amounts  of  energy  ;  a 
which  experience  has  contiri:. 


CHAI'TEK    VII. 

ATTRACT  i  i  I   POTENT! 

Whkn  one  body  in  contact  with  others  forma  with  them  a  system. 
a  Cons*  System,  which  will  be  put  in  a  condition  of  stress 

when  the  bodies  are  removed  from  contact  with  one  another,  tfc 
iies  are  said  to  be   Attracted  towards  one  another;  and  if 
y  1h-  fixed  in  such  a  }*>sitinn   that  the  stress  of  the  system  is 
permanent,  tin?  condition  is  one-  of  statical  equilibrium.      When  ft 
spring  is  drawn  out  and  find  by  ft  ostoh  there  is  eqoiHbi 

between  tin*  recoil  of  the  spring  and    the  molecular  forces  within 
the  cat<  i  resist  its  deformation;  when  a  heavy  stanc 

placed  on  a  wooden  table,  if  the  table  be  strong  enough   to  sup- 
he  stone,  there  will   be  equilibrium   between   the  weight  of 

stone  an d  fence  to  crushing  offered  by  the  wooden 

If  the  spring  be  released  it  will  fly  buck :  if  the  suj- 
.ting  table  be  removed  the  stone  will  fall.      In  the  former  case 
is   a   riflQrie  medium,   the    spring,  the   elasticity   of  which 
I  into  play ;  in  the  latter  case  there  is  no  such  elastic  medium 
il.le. 

There  u  no  direct  analogy  between  the  two  cases.     In  the  fanner,  tin 
1  the  displacement  the  greater  the  stress  ;  in  the  latter,  the  grout- 
ttutnal  eu  the  mutual  attraction. 

Let  us  consider  attraction,  which,  whatever  may  be  its  cause, 
obeys    the   particular    law    (the    so-called    "  Law  of    Inverse 
Squares ")  that  a  mass  M  and  a  mass  m  are  attracted  by  each 
with  a  force  which  depends  on  each  mass  directly,  ami 
the  BQJB8XB  of  the  distance  between   them   inversely.     Then 
«  M/..  >f:  \  that  »,/=  kMm/tP. 

In  a  system  of  particles  of  this  kind  we  must  further  assume 
id  experience  warrants  us  iu  so  doing — that  every  particle  is 
rory  other  particle  by  an  independent  attrac- 
tion j  then  the  total  attraction  of  one  set  of  particles  for  another 


176 


ATTRACTION*  AND  POTENTIAL. 


[f'HAP. 


set  of  particles  I  iind  by  a  process  of  summation.      To 

icft  this  summation  the  aid  of  tlu*  Integral  Calculus  has  in 
general  to  be  called  in  ;  the  process  is,  however,  of  this  kind  : — 
The  mass  and  the  distance  of  each  particle  from  every  other 
being  taken  into  account,  the  attraction  between  each  particle 
and  everj  othex  partiale  is  to  be  separately  found,  and  the  wind.- 
i  actions  are  then  to  be  summed  up.  In  simpler  cases,  mutually 
attracting  masses  may  be  considered  as  acting  at  their  centres  of 
figure  ;  then  the  mean  distance  between  two  such  masses  is  the 
distance  between  their  centres  of  figure,  and  each  mass  may  be 
supposed  to  be  concentrated  at  itsS  centre  of  figure. 

Attraction  in  particular  cases.— (1.)  A  hollow  spherical  shell,  whose 
ihnkness  is  infinitesimal,  attracts  an  external  particle  as  if  all  its  moss  were 
i  centre.  Its  area  is  4»t*;  the  amount  of  mass  per  unit  of 
surface  (its  *  surface-density  ")  =  o-  ;  its  man  M  is  Quseftm  4juVi,  It  acta 
00  mass  in  placed  at  a  mean  distance  a  from  the  centre  of  the  shell  as  if  the 
whole  mass  4*rrV  ware  at  that  centre,  and  the  attraction  f=k.4m2ir.mlai. 
If  the  attracted  particle  be  of  unit-mass,  m  =  1,  and  the  attraction  of 
shell  mi  u  unit-particle  is  &.4irrscr/aa. 

If  the  •  \ti  ni.J   particle  be  just  ouUide  the  shell,  so  that  its  distance  a 
from   the  centre  is  practically  equal  to  r  the  radius  of  the  shell,  a  =  r  ami 
for. 

mhan  md  n  external  particle  will  in  the  HXDJ  way  tf 
one  another  us  if  all  the  mass  of  the  iphflia  wan  gathered  at  the  eattl 

attraction   between  ■   sphere  whose    radius   is   H  and   whose  amoiuit  of 
ma&s  per   unit  of  volim  n-ity")  is  p,  ami  I   unit   particle  at  a 

distance  a  from  Lli •  the  .sphere,  is  A'.(j[7rR3)  pja?  (for  the  vulume  of 

a  sphere  H  is  JirR3) :   if  the  particle  lie  ju.-t  on  the  Mirfiue  «.f  the 

sphere  the  attraction  il  A- .  (  JttR3)  p'Ri  =  k.  J-Ko. 

(3.)  An  Bttnfl  >hell  of  any  thieknaWJ,  if  this  thickness  be 

uniform,  has  no  action   whatsoever  "ii  I   heavy  parti  !••  contained  within  it, 

ovary  ana  of  the  shell  on  one  ride  <>f  Ihe  paitSeli  which  naj  attract  it 

in  DOB  direction,  tin  'her  on  the  OtihaT  side  lllncUl|(  it  in  an  opposite 

direction;  and  the  one  exactly  balances  the   offal1,  for  what  advantage  tin- 
one  area  may  have  in  size   the  other  exactly  makes  up  for   in   proximity. 
Thus  it  is  not  possible  to  find  any  area  of  the  sphere,  the  attracting  eftV<  I 
which  09  the  paitiflle  within  the  q  not  exactly  counterbalano 

opposed  attracting  effect  of  an  opposite  area.     The  particle,  attracted  equally 
Of  direction,  remains  at 

No  other  law  than  that  of  the  inverse  square  of  the  distance  will 
this  entire  aK  fled  within  a  hollow  spherical  shell  of  uniform  thnk- 

ness,  as  will  easily  he  found  on  trial. 

If  the  shell  have  any  other  form  than  the  spherical,  it  must,  in  order  to 
retain  this  absence  of  interior  effect,  have  a  thickness  which  is  other  than  a 
uniform  one.  For  example:  an  el  lipaoidaJ  shell  whose  Inner  ellipsoidal 
surface  II  ' ■••acentric  and  oonfocal  with  the  ext«  ilda]  surface  has  a 

HlWiknaW  which  II  any  pofnl  II  po  tO  the  shorte-  Intwcen 

the  (eiitre  an. 1  the  Undent  |0  the  ellipsoid  touching  th--  point  in  <juesti.»n  (see 
;   and  such  a  shell  has,  under  the  law  of  inverse  squares,  no  action 
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at  any  point  within  it.     Such  a  shell  in  thickest  at  the  <.-xt  remit  ius  of  its 
major  axis, 

I  point  he  jns(  Bueh  a  shell,  at  a  point  where  the  surface- 

'       attraction  just  outside  =  &.4:r*r  ;  just   huidei  it       0  :■ 
thus  the  particle,  if  it  peal  ttaougb  the  >htdl,  niBBM  from  ;t  Hi  thi 

.  4nr  to  another  where  the  aftl  liffen 

v  b,  4;rcr. 

i  mi  arc  of  B  Glicle  of  radius  r,  at  the  o.mtre  of 
which  the  particle  stands, /  =  k^nrir*)  x  2  ah)  A  angle  ml  »).2 

•in  \  0  ;  jin?t  aa  if  a  mass  equal  I"  that  of  ■  chord  of  the  an-.,  with  the  BMDfl 
density  as  the  arc,  ffen  OOnOBBtatod  it  the  midpoint  of  the  arc. 

(5.)  Between  a  semicircle  ami  a  par  tick-  at  its  centre  ;  nl  t«  nd.-l 

is*  1 S*  i  roe  is  k. (irjr)  x  2  sin  90°  =  k.  2tr/r. 

(6.,:  a  definite  lineAB  sad  b  ajnt-partkle  si  l>  Dnpoeite  the 

'..     Draw  AD  and  BD.     With  ae&tM  T)  and  | 
draw  a  circular  arc  limited  by  the  lines  \I>  Mid  BD.    The  line  AB  and 
circular  arc  exort  the  same  attraction  on  a  unit-particle  Qt  D  :    and  the 
attract:  1 1  of  the  circular  arc  we  know  from 

Between  an  indefinite  line  and  a  un  at  a  distance  r  from 

igle  subtended  is  18')"  ;  the  farce  is,  as  in  (5.),  equal  to  I: .  2(r/r. 
(8.)  Between  a  hemispherical  shall  and  a  particle  at  its  centre,  the  up 

■  k.  2tt<t,  and  is  independent  of  the  radius. 
'9.)  Between  an  indefinite  plane  and  a  body  at  a  Unite  distance  x  from 
:h  the  same  on  in  case  8,  and  f  =  k .  "l-mr.     This  is  itul. 
pendent  of  the  distance  x.      If  the  particle  pass  through  tin-  infinite   plane  it 
passes  to  a  region  where  the  attraction  is  -  k .  2:r<7,  because  it  acts  in  the 
opposite  direction,  and  therefore  diners  from  its  former  amount  by  /.  .  4~«r. 
e  the  force  acting  is  Independent  of  the  rtfatanon   ■  we  may  make 
i>.     Tin-  i:nit-miL^  acted  upon  is  now  b  unit-moss  uf  the  substance  of  the 
ae  itself,  and  it  is  acted  upon  by  B  force  k .  8«V.     The  matter  distributed 
irer  a  eq.  cm.  is  o-,  and  this  is  acted  upon  by  a  force  (k.2r<r).<r  =  k.. 

on  the  substaixv  of  the  plane  itself  is  therefore  h.iiro3  per 
i.,  and  i.«  at  right  Bnglei  to  tile  BUI  I 

Convention  as  to  Attraction  and  Repulsion. — A  force  of 
kind  is  conventionally  -aid  to  be  Positive  when  its  effect 
is  to  separate  (or  to  increase  the  distance  between)  the  bodies 
by  whose  relative  motion  it  is  manifested.  Thus  a  repulsive  force 
is  positive ;  an  attractive,  which  diminishes  the  distance  between 
two  masses,  is  negative,  This  convention  is  opposed  to  the  ordi- 
nary use  of  speed  i. 

Potential  Energy  in  case  of  Repulsion. — If,  as  the  phrase 
s,  two  1  i»el  one  another,  and  if  one  or  both  of  them  be 

free  to  move,  their  mutual  separation  may  be  carried  on  to  an 
in  Unite  distance.  As  long  as  it  is  still  possible  under  any 
specified  circumstances  for  the  bodies  to  become  still  farther 
separated  by  their  mutual  repulsion,  there  is  still  some  potential 
energy  in  that  system  which  consists  of  the  two  masses  (together 
ig  medium,  if  there  be  any  such);  the  mutually 
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repelling  bodies  must  therefore  be  separated  to  an  infinite  distance 
from  one  another  before  their  repulsion  can  cease  to  act,  before 
the  Potential  Energy  of  the  system  becomes  reduced  to  zero. 
When,  on  the  other  hand,  the  bodies  which  repel  one  another  are 
in  contact,  the  Potential  Energy  of  the  system  is  as  great  as  it 
ran  possibly  he. 

Work  done  by  Repulsion.  —  If  tw<.  masses,  m  and  ai- 
situated  at  i  I  tanoe  /•  from  one  another  and  repelling  one 
another  with  a  force  =  k.mmjr2,  be  allowed  to  separate  through 
B  little  distance  Br,  the  system  has  exchanged  a  configuration  in 
which  the  mutual  farce  was  k.mm^'r3  for  one  in  which  it  lias  l>een 
diminished  to  k.  m  <i(J{r  +  Br)2 ;  and  the  work  done  by  the  repulsion 
is  the  product  of  the  mean  force  into  the  space  Br.  It  Br  be 
taken  small  enough  this  product  06009168,  with  en  iii<lt:fiiiitely 
dose  approximation  to  accui.  >).mjr*)  x  Br.    If  tin- 

bodies  increase  their  distance,  making  the  distance  (r  +  Br)  grow 
i  r  +  25r),  the  work  done  in  this  stage  is  (£.»/w>//(r  +  o>)-)  x  Br. 
Summing  up  by  means  of  the  Integral  Calculus  the  work  done 
by  the  repelling  force  in  separating  the  bodies,  stage  by  stage, 
from   a   mutual    distance    r   to   a    distance    II,  we   find    that  it  is 


k'.jnm 


This  proposition  may  be  otherwise  presented  in  the  form  of  a 
positive  statement.  The  work  done  is  the  product  of  the  Space 
traversed,  (K  —  r),  into  the  -Mean  Force;  but  the  mean  force 
in  question  is  not  the  arithmetical  but  the  geometrical  mean 
between  the  exl  lues;  that  is,  these   extreme  values  being 

k.mmjr1  and   k.mmt  K-,  the-  mean    force   is   the  square   root  of 

tiieir  product,  ■•:  Rr;  the  latter  being  multiplied  by  the 

space  traversed,  R  —  r,  gives   the  product  /.  —  r)/lir  or 


.(,'-,'< 


as  the  work  done. 


Kence  tie-  work   done  by  B  repulsion  (which   at  any  distance 
r  is  equal  to  k.mmjr)  in  separating  two  masses  from  a  distance 

to   a   ilistam-t-    •_'/-,    |S  I  \jr  —  l/2r)  =  k.mm,  %2r  ;   ft 

distance  r  to  an  infinite  distauce  oo,  the  work  done  is  equal  to 
fe»mev  (l/'r —  ly'oo  )  =  k.mmJ  (1  jr  —  0)  =  k.jnn<j  r.  Heuce  if 
a  certain  amount  of  work  he  done  by  the  repulsion  in  doubling 
the  distance  between  two  mutually  repelling  bodies,  the  repulsion 

•uld  do  exactly  twice  as  many  units  of  work,  and  no  more,  in 
separating  the  two  bodies  to  an  infinite  distance  from  one  auotl 
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The  Potential  Energy  unexhausted  at  any  given  distance. — 
To  remove  a  mass  mt  from  a  point  ;it  a  distance  R  from  a  fixed  npdUqg 
maM  m  to  an  infinite  dftfaWM  VOttld  invi.lv.-  exp -mlitur.-  (I.y  the  repul 

kmmt    (  —    -  —  J  =  — — ' :  this  work  not  having  been  done  when 


work 


R 


the  distance  between  the  bodies  is  finite,  the  potential  energy  of  the  system  is 
he  unexhausted.     At  an  infinite  distance,  R  =  x,  and  the  unexhausted 

potential  man  in  '  0. 

QD 

The  unexhausted  Potential  Energy  of  :  ■  of  masses  m  and  ?» ,  r-- 

pclling  one  another  and  situated  at  a  distance  R,  is  k.mmJR  ;  this  is  call-  1 
the  Mutual  Potential  of  the  two  masses. 

If  one  of  them  he  a  unit,  tin*  mutual  potential  is  A\m/R.  This  is  num.  1 i- 
eally  equal  to  tli-  Potential  U  defined  in  the  next  paragraph. 

Direction  of  Movement. — At  an  infinite  distance,  where  the 
potential  energy  attributed  to  a  body  there  placed  would  be  zero, 
there  would  be  no  force  impelling  to  any  further  separation.  At 
any  place  where  the  potential  energy  has  a  positive  value,  it  will 

i  to  exhaust  itself,  end  a  body  there  placed  will,  it*  free  to  do 
so,  move  away  towards  some  place  where  it  would  have  less 
potential  energy.  But  the  Potential  Energy  which  a  Unit- 
mass  would  have  if  placed  at  a  particular  Point  in  Space, 
— the  work  which  would  have  to  be  done  by  the  repelling  force 
in  removing  the  unit-mass  from  that  point  to  an  infinite  distance, 
or  done  against  repulsion  in  conveying  the  unit-mass  from  an 
infinite  distance  to  that  point,  Tntrj  be  stated  as  an  attribute  of 
that  Point  in  Space  and  may  be  called  its  Potential.  This 
may  be  numerically  high  or  low.  Theu,  under  a  repelling  force, 
a  body  tends  to  move  from  a  place  of  high  potential  to  a  more 
distant  place  of  low  potential,  and  if  the  body  be  free  to  move  in 
that  sense,  the  force  will  do  work  ;  while  if  the  body  be  moved 
from  a  place  where  the  potential  is  low  to  one  where  it  is  high, 
the  movement  is  effected  against  repulsion  or  resistance,  and  work 
is  done  against  the  repelling  force. 

The  I>irection  of  the  Force  in  opposed  to  the  diivtirni  Id  which  tin- 
potential  increases  most  rapidly  ;  and  its  amount  at  any  point  is  (in  any  given 
direction)  equal  to  the  mean  decrease  of  potential  per  unit  distance  traversed 
(in  that  direction)  :  ami  tin  product  F*,  the  Work  Dons,  il  numerically  equal 
to  the  whole  diminution  of  potential  in  the  whole  distance  traversed. 

Potential  a  condition  at  a  point  in  apace. — We  must  dis- 
u  the  Potential  Energy  which  a  mass  may  be  said 
to  have  in  virtue  of  its  position  at  a  certain  point,  and  of  its  con- 
sequent relation  to  neighbouring  masses;    and  the  Pntmtwl  of 
that  point  in  space.     The  condition  at  that  point  of  space  is  such 
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that  if  a  unit-mass  were  placed  there,  the  forces  acting  on  it 
would  do  V  units  of  work  in  conveying  it  to  an  infinite  distance, 
or  would,  on  the  other  hand,  have  V  units  of  work  done  against 
them  if  the  unit-mass  were  forced  against  them  from  an  infinite 
distance  to  that  point :  and  this  is  a  property,  numerically  ex- 
pressible by  the  numerical  value  of  V,  but  independent  of  the 
actual  presence  or  absence  of  any  unit-mass  at  that  point 

The  potential  at  a  point  situated  at  a  distance  r  from  a  mass 
Q  is  V  =  l.Q/r. 

Work  done  against  Attraction. — If  a  body  be  at  a  given  distance  r 
fattl  an  attracting  mass,  the  action  between  the  two  bodies  is  a  force  tending 
to  approximate  ihem  i  work  b  done  by  the  attracting  force  in  doing  this :  but 
'ili  in-  //>/  the  attracting  force  in  separating  the  bodies  to  SB  Inflate 

i  .mce  "  is  a  negative  quantity,  for  work  (  =  V  units)  would  have  to  be  done 
ayaitul  the  attraction  in  producing  this  movement  ;  Hid  the  potential  at 
I  distance  r  from  tht  aiir,i< -ting  mass  is- V,  a  negative  quant ii-. . 

Potential  In  the  special  case  of  Gravitation. — A  pound-ma-* 
standing  on  the  surface  of  the  earth  would  (if  the  earth  were  u  sphere  of 
radius  4000  miles)  require  the  expenditure  of  21,120,000   foot-pound-'  of 

k,  and  no  more,  to  remove  it  to  an  E&finite  distance,  this  force  being 
exerted  agatiut  the  gravitation  ;  and  therefore  any  point  on  tin-  mi  r  face,  of  the 
earth,  thus  assumed  to  be  spherical,  would  be  at  a  negative  potential  of 
-21,120,000  gx  while  the  potential  of  any  point  at  an  indefinitely  great 
<liRtance  would  be  zero.  By  a  special  exception,  however,  the  Potential  of  a 
point  at  the  surface  of  the  earth  is  considered  to  be  zero,  and  a  body  lying 
on  the  earth  has  no  potential  energy ;  while  a  pound-mass  removed  to  an  in- 
•  l. ■  finite  distance  could  have  no  more  than  21,120,000  foot-pounds  of  potential 
energy  stored  up  in  it ;  and  the  gravitation-potential  of  a  point  at  an  infinite 
distance  is  +  (21,120,000  x  32.2)  foot-poundals. 

Absolute  Zero  of  Potential — A  point  is  at  zero  potential  when 
a  body  placed  there  would  have  no  potential  energy.  This  is  the 
condition  of  a  point  at  an  infinite  distance  from  all  repelling  masses. 

Fields  of  Space  in  opposite  conditions. — If  there  be  two 
bodies,  the  one  attracting,  the  other  repelling :  a  unit-mass  brought 
near  the  former  will  on  the  whole  be  attracted,  as  a  small  magnet 
is  attracted  by  the  nearer  pole  of  a  large  magnet  more  than  it  is 
repelled  by  the  farther  pole ;  if  brought  near  the  other  mass,  it 
will  on  the  whole  be  repelled.  The  space  in  the  neighbourhood 
of  the  attracting  mass  will  be  a  field  of  space  in  which  the 
potential  is  negative ;  round  the  repelling  body  there  will  be  a 
field  of  force  of  positive  potential. 

Continuity  of  Potential  through  Zero  value. — A  particl. 
passing  from  a  region  of  positive  potential  into  one  of  negative 
potential  must  pass  through  a  point  where  the  potential  is  zero ; 
for  if  it  were  possible  for  it  to  do  otherwise   there  would   be 
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physical  discontinuity.  As  it  thus  moves,  the  positive  potential 
energy  of  the  hody  is  gradually  exhausted,  becomes  zero,  and  then 
becomes  a  negative  quantity. 

Arbitrary  Zero  of  Potential. — We  may  arbitrarily  aaao 
any  |w>irit  or  surface  in  the  neighbourhood  of  attracting  or  repelling 
masses  as  one  whose  V  =  0 ;  then  those  places  which  have  a 
greater  potential  are  said  to  be  localities  of  positive  potential, 
and  those  at  which  the  potential  ui  lata  are  said  to  be  localities  of 
negative  potential  This  is  convenient,  for  absolute  zero  we  know 
no  more  than  we  know  absolute  rest 

Analogy  of  Sea-levoL — Let  as  assume  that  the  surface  of  the  earth 
Malawi!  taken  at  high-water  mark.  Tim  is  an  arbitrary  arauivtion, 
for  loir-water  mark  might  have  juHt  aH  well  bean  chosen.  If  I  boof  be 
placed  at  u  certain  beigbt  above  sea-level,  gravitation  may  do  a  certain  amouni 
of  work  in  bringing  il  level,  fol  tin;  mass  placed  at  that  height 

lias  a  certai  of  potential  energy  :  at  a  less  height  it  has  less  potential 

energy:  .it  tii<  mm-I.-v.-1  it  has  none;  if  placed  below  the  sea-level,  it* 
■  \al  energy  is,  on  this  assumption,  a  negative  quantity,  llence  the 
gmvitat  1  above  sea-level  is  of  opposite  sign  to  that  below  it. 

0l»  would  be  possible,  instead  of  saying  that  a  point  is  so  many 

feet  above  or  below  sea-level,  to  say  that  a  pound-mass  there  placed  would  have 
V  unit-,  +  OK  -  ,  of  potential  energy  if  there  placed,  ami  thus  to  define  the 
distance  between  that  point  and  sea-level  by  its  gravitatiuii  pit'-utial. 

Kquipotential  Surfaces. — In  Fig.  91, 0  is  a  repelling  particle. 

Fifctl. 


IN   > 


AH  points  at  equal  distances  from  it  are  at  the  same  potential- 
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If  these  be  joined  they  form  a  sphere.  The  potential  at  every 
point  of  the  surface  of  one  of  these  imaginary  spheres  is  the  same, 
■ad  may  be  represented  hy  \'r  This  sphere  is  an  equipotential 
face  for  potential  V(.  Within  this,  mid  concentric  with  it,  lies 
another  sphere,  the  potential  at  every  point  of  which  is  \r 
Within  this  lie  successive  shells  OX  imaginary  spherical  surfaces, 
over  each  of  which  tin*,  potential  is  equal  If  these  surfaces  be 
chosen  such  that  their  potentials  have  a  common  difference — that 
Is,  that  V,.  —  V.  =  Vj  —  \\  =  V.  —  Vs,  etc. — and  if  these  differences 
each  represent  one  unit  of  work,  a  set  of  equipotrntial  surfaces 
thus  obtained  is  oaUed  8  ofJBgwip 

Motion  parallel  to  Equipotential  Surfaces  does  not  involve 
work  done  either  by  or  against  the  attracting  or  repelling  too 

Motion  across  Equipotential  Surfaces,  from  one  surface  to 
another,  implies  movement  from  a  place  where  the  potential  has 
one  value  to  a  spot  where  it  has  another.  A  unit-mass  moving 
away  from  the  second  to  the  first  surface  in  Pig,  9  1 .  loses  potential 
energy  =  V2  —  V  ;  on  a  mass  rit    the   repelling   force  would  do 

w.»rk  —  m  x  (V,  —  \\).  A  massm  moved  op  from  equipotentdal 
surface  No.  10  to  surface  No,  15   In  a  system  of  such  surfa 
whatever  DC  their  form,  would  have  work  —   6*1  units  done  upon 
it  against  the  repelling  force. 

The  work  done  would  he  the  same  be  the  paints  of 

the  respective  surfaces  between  which  the  motion  is  effected. 
Any  transference  of  a  particle  from  one  equipotential  surface  to 
another  may  be  effected  by  >*■  Vertical  translation  from  the  one  to 
the  other,  which  involves  work,  compounded  with  a  translation 
il  etjuipotential  surface,  which  involves  none. 

The  work  done  by  i  transference  of  a  particle  from  ■  point 

A  on  one  equipotential  surface  to  a  point  B  on  another  is  also 
•  <t<r,r  j,it/j)    the    transference   be   effected. 
provided  always  that  there  OS  no  friction.     The  most  complex  path 
may  be  resolved  into  so  much   movement  at  right  angles  to   I 

tential  Bur&oes,  which  implies  work  done  by  or  against  the 
forces,  and  so  much  parallel  to  them,  which  consumes  or  liberates 
no  energy. 

This  may  also  be  proved  hj  a  rtductio  ad  abmrdum.     If  in  Kg  91  there 

Ptn  !w..  pceWhle  pasha  betora  A  sod  v>,  out  rf  which,  a<k,  ootn  qmnfleil 

to  a  units  of  VOn  'lone  by  a  unit-maw  of  matter  traversing  it,  while 
other,   A  I'll,   oanttpopdad  to  a  greater  amount,  b  unit*,  of  work  ;  then  it 
would  be  possible  to  cause  a  body  to  fall  from  A  to  B  down  the  path  ADB, 
corresponding  la  Ihf  greater  work,  and  by  falling  to  pull  directly  or  indirectly 
a  mass  equal  to  its  own  up  the  easier  jiatli   1(  A     it  would  itself  acquire 
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kiuetic  •  'to  energy  =  ft  -  >t  •  1 1 1  ♦  *  body  thus  pulled  op 

along  B<  turn  fall  down  the  paifc  AM*.,  ai  along  lit.- 

path  BCA  the  mass  wh>  !v  tr.n«r-.«l  the  path  ADB,  again  with 

gain  of  energy  equal  to  l>  -  a.     Tims  tin- 1  (ht  be  k<  pt  np  with  I 

tumuim  gain  of  I'licyv,  anil  this  0  might  be  utilised  as  a  perpetn.i) 

iimti.r  ;   but  t  nipossibility  ;   therefore  there  is  an  equal  ex|>emlittire 

-o  far  as  the  attracting  or  repelling  forces  art1  eon  vim.  I, 

in  effecting  a  transference  along  every  possible  path  between  any  two  given 

Analogy  of  Surfaces  of  equal  level.     Obviously  the  same  proposi- 
tions apply  if  we  read  the  mud  level  R»  potential. 

If  A  and  B  he  two  equal  particles,  A  attracting  ami  B  repel- 
ling external  lee,  the  space  surrounding  A  will  be  a  region 
of  negative  potential,  wliile  the  potential  of  the  neighbourhood  of 
B  is  positive.  I  >  vi  a  plane  symmetrical \y  situated  with  respect  to 
A  and  B  the  potential  wdl  he  zeiOf  wlni.  the  attraction  will  carry 
bodi                 (lie  cquipotentinl  surfaces  ]  i  1 1 1 *.*  point  A. 

Distance  between  Concentric  Equipotential-Surfaces. — In 
a  system  of  co;  !  squi potential-surfaces,  the  dis- 

tance between  every  pair  of  these  surfaces  is  proportional  to  the 
square  of  their  mean   distance   (i.e.f  of  t!<  Metrical   mean) 

from  the  centre  of  the  single  attracting  or  repelling  mass. 

•  potentials  are  V 
i  .e  radii  are  R  and  B1  j  we  wi-1.  to  fad  the 
-f  B  -  R1. 


Thus,  if  the  equipotential  surfaces  he  those  surrounding  the 
ver  whieh  the  ]x>tential  due  to  Gravitation  is  constant,  and 
if  the  distances  between  the  surfaces  be  such  that  transfer  of  a 
pound-mass  from  any  one  surface  to  the  next  one  represents  a 

impound  of  work  dona:  then,  at  the  distance  of  one  earth's- 
radiua  from  the  of  the  earth — that  is  to  say,  on  the  surface 

of  the  earth — the  distance  between  two  equipotential  surfaces  is 
one  foot  ;  twice  as  far  from  the  centre — that  is,  4000  miles 
(nearly)  from  the  surface  of  the  earth — the  distance  is  4  feet, 
and  the  tame  amount  of  work  which  would  raise  a  pound-mass 
thi  foot  near  the  surface  of  the   earth  would,  at  a  height 

1000  miles,  raise  it  4  feet;   ami  similarly,  at  a  height  of  8000 
miles,  it  would  raise  it  9  feet,  and  so  on.     Thus  at  a  very  gl 
distance  ex  long  paths  would   he   traversed  by  a  pound- 

mass  as  It  of  doing  a  single  foot-pound  of  work  on  it. 

It  follows  that  if  the  equipotential  surfaces  be  chosen  at  eqwd 
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distances  from  one  another,  the  amount  of  work  correspond  i 
the  removal  of  a  mass  from  one  surface  to  the  next  is  in  the  inverse 
'f  the  square  of  the  mean  distance  of  the  two  surfaces  from 


the  ;<:  mass. 


Two  concentric  spherical  equipoteutial  surfaces  whose  potentials  ore  V 
and  v\,  and  whose  radii  arv  R  md  R  +  1  ;  V  =  kmfR  ;  V,  -  *m/(R  +  1)  , 
■••  Vj  -  V  =  WR(R  +  1). 

uii.I-mass  at  a  distance  of  240,000  miles  (=  60  radii  nearly)  from 
the  earth's  centre  will  be  attmcted  by  the  earth  with  a  force  which  bears  to 
the  attraction  at  the  earth's  aurfa- M  the  propoxtion  of  (1/60)1  :  (If  =  1  :  3U0O. 
H«ik'-,  !i  BOVt  a  pound  -  mass  through  one  foot — that  is,  from  an  <<|ui 
potential  surface  by  any  path  to  any  point  Gfl  an  eipiipotential  surface  om* 
fool  distant  fan  it — at  a  dUtain ■«■  od  140,000  miles,  oi,  roughly,  at  the 
distance  of  tin-  moon,  would  involve  the  expenditiuv  of  approximately  gyVo 
foot-pound  of  work- 
Free  movement  always  at  right  angles  to  Eqnipotential 
Surfaces. — Whatever  be  the  form  of  the  eqnipotential  surtV 
always  happens  that  a  body  placed  on  such  a  surface  and  free  to 
will  find  to  move,  under  the  influence  of  the  attracting  or 
repelling  farces,  in  a  direction  at  right  angles  to  that  surface. 
This  is  because  the  forces  of  attraction  or  repulsion  can  have  no 
onent  tending  to  produce  motion  in  any  direction  along  a 
snrtai  i   it  equal  potential,  or  parallel  to  it. 

Lines  of  Force. — Tims,  if  the  eijuipoteutial  surfaces  be  < 
centric  spheres,  as  those  of  Fig.  91,  a  body  repelled  from  0  will 
travel  along  radial  lines  such  as  are  exemplified  by  the  dotted 
lines   in    Unit  figure.      When    the    eiiuipoLeiitial    surfaces    have    a 
more  complex  form,  the  lines  along  which  a  body  tends  to  t 
axe  nn »ie  complex,  as  is  shown  in  Figs.  _ii  and  l.'4'J.     These 
lines,  always  at  right  angles  to  the  equipotential  surfaces  v. 
they  cross,  are  called  Lines  of  Force. 

Space  in  the  neighbourhood  of  an  attracting  or  repelling  body 
may  be  conceived  to  be  pervaded  by  a  system  of  Lines  of  Force, 
along  wliich  bodies  will  move  if  free  to  do  so.  The  work  done 
on  a  particle  thus  set  in  motion  by  any  attraction  or  repulsion  is 
the  mean  force  by  the  space  traversed;  the  la? 

*t  lje  measured  along   the   line   of  force  which  is  the  body's 
d  path. 

Lines  of  force  are  analogous  to  lines  of  steepest  fall  in  topography  ;  water 

will  at  any  spot  ran  in  the  direction  of  steepest  fall ;  and  a  body 

[pOB  In  '»  BaU  of  force  will  la  ni  spot  of  higher 

!al  to  one  of  lower  potential,  fallowing  the  direction   of  most  rapid 

potential-fall,  the  line  of  force. 
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Tubes  of  Force. — BoppoM  AB  to  be  a  portion  of  an  eqnipoto 
surface:  lines  of  force  pass  through  the  equipotential  surface:  soun 
Knee  gn  I   the  area  AB; 

these  cut  m  mother 

.    | 

comprised  between  these  cquipotentiul 
areas  and  the  marginal  lines  of  force  M 
called  a  Ti  roe.     Thin  space  may 

d ppoeed  feo  i.i-  filled  with  a  bundle 
<>f  lines  of  force,  extending  from  AB  to 
AB'. 

Tube*  of  force  have  thir*  |>n  >jh  it  % ,  that 
so  far  as  the  area  A'B'  cut  bj  them  from 
one  equipotential  surface  is  greater  than 
the  area  AB  cut  off  from  another,  so  does 
the  intensity  "f  the  attracting  fori 
any  nnit  of  IBM  ■  Itiuiriidi  ;  to  that  if  * 
and  /  be  the  respective  areas  of  AB  and 
A'B',  i     !"  the  respective  forces  per 

unit  of  area    acting    across  these  equi- 
i/il  ansa,  (he  product,  force  x  area, 
is  constant,  and   F<  =  FY.      Thai  the 

I  at  tlie  I  hat  at  AB  in  inverse  proportion  to  the 

relative  magin  |  A'B'  cut  off  by  a  tube  of  force. 

Tubes  of  For..-  drawn  In  rath  faehkn  u  each  i<-  contain  one  line  of  force 

are  called  Unit  Tube*  of  Force. 


Number  of  Lines  of  Force. — The  forces  at  any  two  points 
ay  be  compared  b  lative  mnnbcn  of  the  lines  of 

force  which  pass  through  units  of  area  of  those  equipotential  sur- 
faces which  pass  respectively  through  each  of  the  points  compared; 
these  lines  the  less  the  local  intensity  of  the  force. 
Tin i  tg.  91  the  lines  of  force  which  cross  the  outer  spheres 

are  less  numerous  per  unit  of  area  of  the  sphere  than  those  which 
cross  the  inner  spheres,  and  the  force  there  is  correspondingly  less. 

8ystems  of  Surfaces  and  Lines. — The  space  in  the  neigh- 
boorliuud  of  an  attracting  or  repelling  mass  or  system  of  masses 
may  thus  be  mapped  out  by  a  system  of  equipotential  surfaces 
and  lines  of  force,  and  such  a  region  of  space  is  called  a  Field  of 
Force.  The  system  of  surfaces  and  lines  may  be  so  construe- 
that  (1)  the  work  done  in  passing  from  one  equipotential  surface 
to  the  next  is  always  the  same,  one  unit  of  work ;  and  (2)  I 

s  of  force  are  drawn  in  just  such  numbers  that  at  a  place 
where  the  force  is  equal  to  unity,  one  Line  of  force  passes  through 
the  corresponding  equi  potential  surface  in  each  unit  of  area  of 
that  surface.     Then  the  following  advantages  are  secured: — 

I       1  M--  potential  at  any  point  in  the  field  of  apace  surround- 
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ing  the  attracting  or  repelling  mass  or  masses  is  found  by  deter- 
mining on  which  imaginary  equipotential  surface  that  point  stands. 
i   If  unit-length  of  a  line  of   force  cross  n   equipotentuU 
surfaces,  the  mean  force  at  line  along  the  course  of  that 

part  of  it  is  equal  to  n  units;  for  the  difference  of  potential  of 
the  two  ends'  of  that  part  of  the  line  of  force  —n;  it  is  also 
equal  to  I  ■••.  because  it  represents  numerically  a  pertain  amount 
of  work  ;   hut  I  =  1 ;  whence  ft  =  F. 

(3.)  The  force  at  any  point  of  the  field  corresponds  to  the 
extent  to  which  the  linos  of  force  are  crowded  together;  and 
thence  it  nuty  be  determined  by  the  number  of  lines  of  force  which 
pass  through  I  unit  of  area  of  the  corresponding  equipotential 
surface,  that   area  being  so  chosen  as  to  comprise  the   point  in 

Variations  in  Difference  of  Potential. — Any  movement  of 
a  body  "  feces  of  equal  potential,  if  i  oea  be 

not  equidistant,  alters  the  relative  difference  of  potential  between 
its  twii  extremities,  because  a  body  approaching  b  repelling 
attr  i ass  meets  and   cuts  more  equipotential  -  than 

it  quits,  as  may  l>e  seen  from  Fig.  91 ;  and,  vice  vend,  a  receding 
body  meets  fewer  sun.i<  than  it  quits.  In  the  former  case  the 
movement  tends  to  cause  an  hicrease  in  the  difference  between 
the  potentials  of  the  extremities  of  the  body  moved  in  the  non- 
uniform field  of  force ;  in  the  latter  it  tends  to  diminish  it. 

An  increase  in  the  central  attraction  or  repulsion  has  the 
sane   effect  us  un  approach  ;  a  diminution  the  same  as  a  recession. 

Theorem. — If  a  closed  surface  be  drawn  round  a  system  of 
atti  I  repelling  masses,  the  Dumber  of  hues  or  unit  tubes 

of  force  traversing   the  suri.  ■.umerieally  equal   to   k.iirQ, 

where  Q  is  the  algebraical  sum  of  the  whole  matter  within  the 
closed  surface,  and  when  the  law  of  force  is  that  /  =  k.mmj 
distance*. 

!.e  first  a  single  particle  7  at  the.  centre  of  ;i  sple'rical 
surface.  The  force  per  unit  of  area  is  h,q]f*\  the  whole  surface 
is  4  1  force  over  the  whole  surface,  i.e.,  the  number  of  lines 

of  force  crossing  the  surface,  is  k.qji*  X  Atrr2  —  kAirq. 

Take  Dttt  any  particle  q  at  any  point  within  l  doted  surface  of  any  form. 
Any  small  area  ha  is  taken,  which  subtend*  at  the  particle  a  solid  angl<  «... 
and  the  normal   to  wh».  li    1  it  an  angle  c  to  a  line,  drawn  from  the 

particle  to  the  centre  of  8*.  The  area  8*  is  equal  to  r^/cos  «,  where  r  is 
its  mean  distance  from  the  particle;  tin-  normal  force  per  unit  <>f  area  is 
£.7. cose  t(r*4s/coe  «)*.(?  cos  c/r3)  =  *.<,""      ,1  b  numbs? 

of  liiii*  of  Carta  passing  through  the  element  of  surface,  a  uumhei  -ecn 
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to  be  independent  of  the  obliquity  or  the  distance  of  the  element  of  surface 
considered.  When  the  surface  completely  surrounds  the  particle,  the  solid 
angle  subtended  by  the  surface  is  to  =  4ir,  and  the  force  due  to  this  particle 
and  acting  through  the  whole  surface  is  kAirq.  So  for  every  particle,  where- 
ever  situated,  within  the  closed  surface,  and  if  the  sum  of  the  g'«  be  Q,  the 
number  of  lines  of  force  traversing  the  whole  surface  is  &.4irQ. 

If  some  of  the  <fs  be  attracting,  some  repelling,  they  must  be  affected  with 
their  proper  signs,  and  Q  is  their  algebraic  sum. 

If  the  surface  be  one  which  is  repeatedly  indented  so  as  to  be  repeatedly 
traversed  by  lines  of  force,  the  exits  must  be  more  numerous  by  one  than 
the  entrances ;  the  exits  and  entrances  in  any  region  of  the  surface  subtend- 
ing the  solid  angle  w  must  compensate  one  another,  with  the  exception  of 
the  last  exit;  this  alone  contributes  to  the  aggregate  number  of  lines  of 
force  finally  issuing  from  the  surface.  The  closed  surface  may  thus  be  of 
any  degree  of  complexity,  without  affecting  the  numerical  value  of  the  whole 
system  of  lines,  as  enunciated  by  the  above  theorem. 

Isodynamio  Surfaoes  and  "  Lines  of  Slope." — If  all  those  points 
in  a  field  of  Force  be  connected,  at  which  the  force  is  equal,  we  have  a  set  of 
laodynamic  surfaces.  These  may  coincide  with  equipotential  surfaces,  as  in 
the  case  of  gravitation ;  but  they  may  have  a  totally  different  lie.  For  example, 
the  field  of  electromagnetic  force  surrounding  a  long  straight  wire,  bearing 
a  current  of  electricity,  is  permeated  by  equipotential  surfaces,  plane  and  radi- 
ating from  the  straight  wire ;  the  lines  of  force,  cutting  these  at  right  angles, 
are  concentric  circles  round  the  wire ;  the  isodynamic  surfaces  are  concentric 
cylindrical  surfaces  surrounding  the  wire.  At  right  angles  to  the  isodynamic 
surfaces  we  may  imagine  lines,  the  so-called  "Lines  of  Slope,"  which 
trend  in  the  directions  in  which  the  intensity  of  the  force  in  the  field  falls 
away  most  rapidly.  In  the  case  of  gravitation  these  trend  in  the  same  direc- 
tions a*  the  lines  of  force ;  in  the  case  of  the  straight  current  they  radiate 
from  the  wire  at  right  angles  to  it,  and  are  therefore  at  right  angles  to  the 
lines  of  force. 

In  a  uniform  field  of  force  there  are  no  such  lines  or  surfaces,  for  the 
whole  region  is  isodynamic. 


CHAPTER  VIII. 


IT.vrioX    AND    THK    PENDULUM. 


Law  of  Oravitation. — Every  particle  of  matter  in  the 
Universe  is  attracted  by  every  other  particle  with  a 
force  varying  directly  as  the  mass  of  each  particle, 
and  inversely  as  the  square  of  the  distance  between 
them. 

We  have  already  seen  that  the  Weight  of  a  body  is  a 
synonym  for  the  Force  with  which  it  is  attracted  by  the  earth. 
The.  law  just  enunciated  indicates  that  the  weight  of  a  double 
mass  is  twice  that  of  a  single  mass,  and  so  on.  This  seems  a 
truism;   but  it  i  |><rimental  result,  not   a  truism,  that  the 

weight  of  a  mass  of  lead  is  equal  to  that  of  an  equal  mass  of 
wood.  This  might  have  been  otherwise.  The  mass  of  a  given 
i  wood  is  known  to  he  equal  to  that  of  a  certain  piece  of 
lead  by  the  experimental  tact  that  equal  forties  acting  on  each  for 
equal  times  produce  equal  velocities :  F  =  via ;  these  velocities 
being  those  of  short  horizontal  trajectories,  which  are  independent 
of  gravitation.  Now  a  piece  of  iron  and  a  pieofl  of  cork  whose 
masses  are  thus  found  to  be  equal,  will,  if  placed  in  the  neighbour- 
hood of  a  magnet,  be  found  to  be  by  no  means  affected  by  equal 
accelerations  towards  the  magnet ;  yet  they  are  both  equally 
attracted  by  the  earth,  have  both  the  same  weight  in  the  balance, 
and,  if  caused  to  fall  through  a  vacuum  (the  friction  of  the  air 
being  thus  removed),  are  found  to  fall  with  concurrently  equal 
velocities. 

It  i«  remarked  that  horizontal  trajectories  are  independent  of  gravitation. 
A  cannon  ball  at  the  moon,  if  it  had  weighed  60  lbs.  on  the  earth,  would 
weigh  only  10  lbs.  there:  and  so,  as  has  been  said,  it  might  be  dropped  on 
the  toes  of  lb-'  «.. I  server  there  without  Berious  consequences;  but  it  wouM 
unrl  exactly  as  difficult  there  as  here  to  heave  the  ball  horizontally,  1st 
it  would  still  contain  60  pounds  mass. 

Again,  a  heavy  and  a  light  mass  of  any  substance  fall  at 
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same  rate  through  ■  vacuum  It  wis  long  believed  that  the 
heaviest  bodies  fall  fastest;  but  Galileo  experimentally  disproved 
this.     The  attraction  of  the  earth  for  a  large  mass  i3  greater  than 

a  small  one,  but  the  mass  to  be  moved  increases  in  the  same 

jortion  as  the  attraction  ;  unci  thus  the  acceleration  produced 
the  same  in  all  oases,  and  is  independent  of  the  amount  as  well 
as  of  the  substance  of  the  failing  mass. 

Cavendish's  Experiment. — This  was  a  direct  measurement 
11  of  masses  for  one  another.  Light  balls  v,  i  i 
poised  on  a  rod  and  tln.-ir  position  caivtullv  noted:  large  balls  of 
lead  were  carefully  brought  near  them:  the  light  halls  were 
attracted  by  the  heavy  masses,  and  their  displacement  measured. 
txpesimental  precautions  were  necessary,  such  as  the  ob- 
servation "f  the  position  of  the  balls  with  a  telescope  placed  at  a 
distance,  J  he  avoidance  of  draughts  of  air  and  of  vibratious,  etc.; 

rvsult  showed  that  if  lead  balls  had  been  employed  as  large  as 
the  earth,  the  attraction  of  such  balls  would  have  been  greater 
than  the  actual  attraction  of  the  earth  in  the  ratio  of  11*35   to 

":  but  lead  is  11 '3 5  times  as  heavy  as  water;  hence  the 
earth  as  a  whole  is  5*07  times  as  heavy  as  an  equal  bulk  of 
water,  or  the  density  of  the  earth  is  5(>7. 

If  two  manes  lie  respectively  M  and  rrt,  and  their  distance  rf,  the  at! 
tan  between  these  masses  oc  Mm/if-  or/=  k.  Mm/t/2,  where  k  is  a  constant.  The 
earth  being  approximately  *ph«>rical  attracts  falling  bodies  of  mass  m  as  if  ii  - 
own  mass,  M,  were  gathered  together  at  the  centre,  about  637,000,000  cm. 
from  the  surface.  Its  mass  M  is  6140,000000,000000,000000,000000 
gramme*.      A   mass  =  1    gramme   is  attracted    1-y  tin-   ciirth   with   a  force 

/«  981  dynes:  hence/  m  981  =*  -^   -  *v -_ 


981  x 


(637,000,000)* 
614  x  1025 


(637,000,000)'- 
1 


15,430,000 

The  astronomical  unit  of  mass  is  15,430000  grammes  and  the  corre- 
sponding unit  of  force  15,430000  dynes.  With  such  units  the  constant 
t-1. 

Accelerated  Motion  under  Gravity. — A  body  free  to  fall 
vacuo  would  be  subject  to  constant  acceleration  of  about  981  cm. 
or  32*2  feet— that  is,  of  g  units  of  length — per  second,  and  its 
movement  would  be  described  by  the  three  foxmnlffi  of  |>age  69  ; 
the  -f*  sign  being  used  when  the  attraction  of  gravity  acts  in  the 
same  sense  as  the  original  velocity  V ;  the  —  sign  when  it  acts 
in  an  opposite  sense. 

— — 
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the  air  Had  the  falli  This  is  found  to  vary  as  the  radius 

of  the  sphere  if  the  falling  body  be  an  exceedingly  small  sphen-  ; 
and  generally  it  increases  with,  but  is  not  proportionate  to,  tin* 
sui!;m-  ezpOted.  Thus  a  feather,  which  presents  much  surface, 
falls  more  slowly  than  a  similar  feather  rolled  into  a  ball. 

Path  of  a  Projectile. — We  have  already  seen  that  combi- 
nation of  a  uniform  rectilinear  movement  with  a  uniformly 
accelerated  movement,  not  in  the  same  direction,  results  in 
lit  in  a  parabolic  path.  This  is  the  theoretical  course 
Of  a  bullet  flying  in-  raruo ;  but  the  actual  course  of  a  shell  or 
I'ullet  in  the  air  diners  widely  from  this  on  account  of  friction, 
its  path  lieing  at  first  somewhat  straight  and  ending  with  a  some- 
what sudden  fall. 

If  a  shot  wire  fired  horizontally  in  MR  b  1  rate  V  (about  26,077 

feet  per  second),  that  </,  the  acceleration  downwards  (  =  32'2  ft.  per  second; 
would  be  V2/r,  r  being  the   ififtMMffl  Of  the  earth's   «  n    the   bullet's 

path,  the  shot  would  never  fall  to  the  ground,  but  would  travel  round   the 

1 1  at  the  lev.  1  oi  the  gun's  ruouth. 

Any  object  travelling  past  the  earth  with  a  velocity  V  such  that  at  the 
distance  r  the  acceleration  g,  din  t«-  ..•ra-.it.y,  is  equal  to  V*/r,  will  travel  rouini 
the  earth  and  not  cease  to  do  so;  one  travelling  at  a  greater  \elotity  will 
pass  the  earth,  being  deflected  by  it  from  its  path  ;  one  travelling  at  a  leas 
velo  ill    in    t   uiids  the  earth   until   r  diminishes  so  far  that  V* 

nies  e<]ual  to  ry.  The  surface  of  the  earth  mny  he  reached  lie  fore  this 
limit  is  attained  ;  if  nut,  the  body  would,  tn  vacuo,  travel  round  the  earth  at 
a  distance  r  fan  the  ( -e.utrc  such  that  r«  V*jg. 

Universal  Gravitation. — The  fact  of  terrestrial  gravitation 
and  many  of  its  laws  were  well  known  before  Newton's  time ;  he 
stated  the  law  of  gravitation  as  a  universal  one:    "  Gi  I  in 

corpora  univerea  fieri,"  etc. — Pr\  15k.   III.   I'm-. 

Corol.  2. 

The  moon  makes  a  revolution  Bond  the  earth  in  about  2,300,000  seconds 
Bl  urhit  whose  mean  radius  is  69*904  times  the  earth's  equatorial  radius. 
The  formula  y  m  \rl;r  ihowi  that  thi-  corresponds  to  an  actual  tall  «>f  the  moon 
towards  the  earth  of  1/(1 12*48)  foot  per  PMOttd  !  thi.-,  MUDpouodtd  with  the 
tangent i;il  v. locity  at  every  instant,  keej»>  the  moon  in  it*  orddt  This 
to  the  attraction  of  the  earth,  is  l/(59'964)' of  32-2  ft.; 
thus  the  moon  is  under  the  influence  of  terrestrial  attraction  which  obeys  the 
law  that/  oc  d~*.  Newton  made  similar  deductions  from  other  astronomical 
phenomena,  particularly  those  of  the  satellites  of  Jupiter,  and  ultimately 
asserted  the  universality  of  the  law  of  gravitation. 

The  moon  attracts  the  water  of  the  sea,  and  thus  produces  a  lunar  tide 

I  of  the  earth  nearest  it ;    it  also  pulls  the  earth   away  from   the 

water  on  the  farther  side,  and  produces  a  lunar  tide  on  the  farther  side.     The 

sun  produces  similar  tides  £  as  great     These  two  sets  of  tides  may  concur  or 

may  partly  counteract  one  another. 
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Variations  of  the  acceleration  of  gravity  on  the  earth's 
surface. — At  the  equator  the  acceleration  of  gravity  is,  at  the 
sea  3  cm.  per  second:  at  the  pole  it  would  be 

if  the  law  of  variation  in  accessible  regions  of  the 
earth's  surface  be  obeyed  there.  This  law  is.  that  at  any  place 
whose  latiti;  tiie  local  acceleration  of  gl  in  cm.,(j  = 

(984  3  cos  2X—  OOO00SA :.  where  h  is.  in  cm.,  the 

bright  of  the  observing  station  above  the  sea-level.  This  diminu- 
tion of  gravity — equal  masses  weighing  less,  and  therefore  dis- 
torting spring- balances  less,  in   regions    nearer   the   equator — is 

causes:    (1)   That   the   mean   equatorial 
radius  is  greater  than  the  polar;  the  polar  radius  is  6.'55,o39,000 

;  the  longest  equatoi  i us  (from  lat  14"*  23'  E.  to  lat. 

165°'  37'  W  )  ifl  637,839,000  cm  ,  the  shortest  equatorial  radius, 
at   rjgfa  I  000  cm*   (2)  Th, 

rotation  of  the  earth.  It*  the  earth  came  to  rest,  the  acceleration 
!  be  increased  by  <t  289  "i  3*3908  cm.  per  second. 
and  the  freight  of  bodies  would  be  inoreased  in  the  ratio  of  289 
to  2'.»f>.  If  the  earth  rotated  L7(=  %/289]  times  as  fast  as  it 
does,  loose  objects  woidd,  at  the  equator,  fly  off  its  surface  at  a 
tangent 


The  acceleration  due  to  gravity  is  in  Paris  0801*1,  at  Greenwich  981-17, 

r  98T30,  at  Edinburgh  981*54  cm,  per  second. 
Tin-  vi-iu.  it  v  of  rotation  ai  the  equator  h  456  ]«-r  second  :  whence 

-33908." 


;; 

Local  Variations.-  -In  the  neighbourhood  ox  a  higii  attains 

towards  the  mountains.     Thy  ebb  and  flow  ad  veon 
in  the  Firth  of  Forth  affects  the  apparent   latifcldl     I    I'.-liubur^h   by  ah 
jg|ag  degree,  for  water  i^  at  lii^h  tide,  plumb  lines  an  inclined 

Itdi  it,  and  Che  mercury  used  as  a  means  of  producing  perfectly  level 
mirrors  i>,  iu  the  vessels  containing  it,  heaped   up  toward*  the  mass  of  sea- 

At  -  •  ct  of  gravity  is  less  than   it  n  on   land,  because    iln- 

of  water  under  the  spring-balance  is  lighter  than  a  corresponding  amount  of 
rock  WOQld  have  Wen.  The  depth  of  the  sea  may  be  determined  by  a 
gnduaU-d  instrument  of  the  nature  of  a  spring-balance,  Hufficiently  senMli\<- 
to  take  account  of  these  variations. 

Measurement  of  the  Local  Force  of  Qravity. — The  force 
of  gravity  must,  Like  all  other  fori  ee,  be  measured  by  its  accelera- 
tion.   This  amy  be  done  directly  by  Attwood's  machine,  already 
ition  of  a  single  fall  cannot,   however;   give 

•  Col.  A.  RXUrke'a value* sre 635, 63.H.::.«i..M  ,637,837,929  cm.,»nd  637,791,478; 
tk»r  longast  eqnstorisl  axis  being  from  8"  16'  \N '.  to  171°  45'  E.  of  Greenwich  (J'hil. 
J*s*»..  1878). 
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accurate  results,  aud  the  value  of  y  is  best  determined  by  the 
illations  of  a  pendulum. 

There  are  at  the  basis  of  this  determination  four  main  far 
(1)  that  a  pendulum  of  a  given  length  will  oscillate  through  small 
arcs  in  equal  times,  of  whatever  substance  it  be  made — tin 

I  result  being  due  to  Newton  ;  (2)  that  the  relation 
between  /  the  length  of  a  simple  pendulum,  X  its  time  of  com- 
plete to-and-fro  oscillation,  and  <j  the  local  acceleration  of  gravi- 

BD  by  the  formula  #  =  47r2//T2  presently  to  be  proved  ; 
(3)  that  the  length  /  of  a  simple  pendulum  may  be  very  accurately 
observed,  for  in  practice  it  is  equal  to  the  distance  between  two 
points  on  a  solid  rod,  called  a  compound  pendulum ;  and  (4)  that 
tin-  time  of  one  oscillation  may  be  \<  n  accurately  observed  by 

counting   the  number  of  oscillations   in  a  sufficiently  Ion-    period 
oJ  time.      Henee  g  e;ni  be  found  to  any  nicety. 

Centre  of  Gravity. — The  earth  is  approximately  spherical, 
bodies  on  the  .surface  have  all  their  particles  drawn  approximately 
towards  its  centre.  Hut  the  centre  is  BO  distent  that,  within  the 
limits  of  ordinary  terrestrial  objects,  the  gravitation  forces  acting 
on  the  several  particles  of  a  body  are  nearly  parallel  to  one  another, 
and  their  resultant  acts  on  the  Centre  of  Figure.  This  centre 
is  called  the  Centre  of  Gravity  of  a  body  attracted  by  the  earth. 

The  centre  of  gravity  of  any  plane  figure  may  be  found  by 
cutting  that  figure  out  in  cardboard,  and  susi>euding  the  card  first 
from   any   one   point   and   then   from  any  other.      A  line  drawn 

lically  downwards  from  the  first  point  of  suspension  wln-u 
body  is  suspended  from  it,  and  another  line  drawn  in  the  same 
way  from  the  second  point  of  suspension,  will  cross  one  another 
at  the  centre  of  gravity. 

Whatever  be  the  form  or  the  arrangement  of  matter  in  a 
body,  if  it  be  suspended  bom  any  point  arbitrarily  chosen,  the 
centre  of  gravity  is  in  a  line  vertically  drawn  through  the  point 
of  suspension— vertically  here  meaning  at  right  angles  to  the 
free  horizontal  surface  of  liquid  at  that  place.  If  the  centre  of 
gravity  be  found  by  two  suspensions,  the  vertical  lines  drawn 
from  any  other  points  of  suspension  will  all  pass  through  the 
same  centre. 

Centre  of  Gravity  of  Two  Masses. —  In  Kg.  93  the  two  bodies, 

jh-jj  A  and  B,  whose  masses  are  m  ami  mi%  will  have 

their  centre  of  gravity   at.  |  point   C,  which    is 

I •"'^ •'    determined  by  the  equation  m  x  AC  m  mi  x  BC 

B    The  whole  mass  w»  +  m,  may,  as  regards  other 
bodies,  be  considered  as  if  it  were  aggregated  at  th 
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Centre  of  Gravity  of  a  SyBtem  of  Masses. — Thin  in  found  by 
taking  account  cf  each  seriatim.     In  Kg.  94  let  the  bodies  ba  A.  B,  0,  D,  E, 


First  the  centre 

Flf.M. 


•E 


-•B 


•c 


whose  respective  masses  are  m,,  >"„,  mi ti,  mnii,  and  mv. 

my  two,  say  A  and  I>,  m  bond  at  0  ; 
A  and  D  are  supposed  to  be  replaced  by  u  mass 
TO,  +  m.,«  at  O.      >  I  ntiv  of  gravity  betafMB  A«. 

another  of  the  masses,  say   E,   and  the  imaginary 
mass  m  «)  is  found  to  be  at  0,  ;  at  thi.- 

point  O,,  there  is  supposed  to  be  placed  a  bodj 
whose  mass  is  wt  +-  m^  +  m„.    In  the  tame  way, 
centre  betwevn  this  ini;  -  and  another,  say 

MM  at  B,  may  be  found  at  0fl.      Finally  th«-  centre 
between  this  an- J  the  man  <  ad  at  O   .  and 

thi.  ration,  for,  as  regards  external  musses,  the  system,  ABODE, 

acts  as  if  it  uvr.-  .l  man  (»(  4-  u\/t  +  in  ir  ■+■  m/tii  ■+  I tStad  at  the  point 

Ott( ;  tin-  point  ih  tbaraforc  the  centra  of  gravity  of  the  system.     The  same 
point  will  l.e  found  whatever  the  order  in  which  the  masses  ar  ed. 

Overturning  a  body. — Let  ABCD  be  a  block  of  material 

supported  on  a  base  CD.     How  great  a  force  applied  at  E,  in 

direction    HP,   is   necessary   to   overturn   the   block?     The 

Iy  one   of   momenta 

■L   C,  for  if  the   force   along   EF 

prevail  over  the  weight  of  the  block, 

ii  will  do  so  by  turning  it  over  the 

point  0.      From   that  point  C,  CG  is 

tin*  shortest  tine  drawn  to  meet  the 

EF.   and    CH    is    the    shortest 

to  the  line  MTT,  along  which 

by  nmy  be  considered 

to    act     At   the   instant   when   overturning    is   just   going    to 

moments  round  G  must  be  equnl,  mid  CG  x  force 

qg  EF  s  CH  x  wt  of  body.     Therefore,  if  the  force  alon^  EF 

be  greater  than  weight  of  body  x  GH/OG,  the  body  will  be  over- 

•••d.      The   great- r  ('II    is,   the   greater   must   be   the   force 

JF  in  order  to  overturn  the  body;  the  smaller  CH 

is,  the  less  need  that  force  be.     When  CH  =  0 — i.e.,  when  the 

ity  M  is  vertically  above  C— any  force,  however 

small,  will  upset  the  block  ABGD  ;   while,  if  H   be  on  the  other 

side  of  C,  the  block  cannot  stand  unless  propped  up.     In  this 

way  a  body  resting  on  a  wide  base  is  less  easily  upset  than  one 

standing  on  a  narrow;  one  in  which  a  vertical  line  drawn  from 

litre  of  gravity  falls  outside  the  base  of  support  cannot 

stand   unsupported;  while  one  in  which  the  centre  of  gravity 

stni  the  u tv  edge  of  the  base  of  support  is  upset  by  the 

disturbance. 

o 
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A  microscope,  than,  Might  Eos  the.  sake  of  steadiness  to  have  a  wide  base  ; 
and  since  a  tripod  stand  El  the  most  steady  form  of  sup:  MODI  alreaily 

stated  (see  Spherometer),  instruments  of  this  dm  dUHttd  be  MipporUid  on 
broad  tripod  stand*.  An  old  man  using  h  staff  widens  his  haw*  of  support 
bf  virtually  OOnVtrtiog  his  two  legs  and  the  fitiifr  intti  ;i  )«.■  1  Btud. 

It  amounts  to  the  same  thing  whether  the  base  of  an  object 
be  relatively  broad  or  its  centre  of  gravity  be  relatively  low.      It 
the   centre  of  gravity  be  relatively  high  or   the  base  relative]; 
narrow, —  as  in  the  case  of  young  animals  learning  to  walk,  el 
dren  learning  to  walk,  persons  learning  to  move  on  skates,  or  on 
stilts,  or  on  a  narrow  rail,  or  rope,  or  wire,  or  a  bicycle,  or  a  per- 
son standing  on  one  foot  or  on  his  heels,— a  relatively  small  dis- 
placement of  the  object  will  readily  cause  the  centre  of  gravity  to 
he  placed  vertically  over  a  point  beyond  the  base  of  support; 
then  the  object,  if  it  be  not  propped  up.  or  if  the  centre  of  gravity 
be  not  brought  over  the  base  of  support,  or  the  base  of  sup] 
not  brought  up  under  bhfi  eentre  of  gravity,  will  topple  over. 

If,  on  the  other  hand,  the  base  be  relatively  wide,  or  the 
< nitre  of  gravity  be  relatively  low,  as  in  the  case  of  a  lampetand 
loaded  at  its  base,  the  task  of  upsetting  such  an  object  is  greater, 
since  the  centre  of  gravity  is  in  such  a  case  less  easily  induced 
to  pass  to  a  position  vertically  beyond  the  base. 

Curious  positions  may  be  assumed  by  objects  when  they  are 
so  balanced  that  ire  of  gravity  is  vertically  over  some  point 

in  the  basis  of  support.  A  man's  centre  of  gravity  is  at  a  point 
about  the  front  of  his  last  lumbar  vertebra.  If  he  carry  a  burden, 
then,  in  order  to  bring  the  centre  of  gravity  of  the  oonjodnad 
mass  of  his  body  and  the  burden  borne  by  him  into  a  position 
vertically  over  some  part  of  the  narrow  basis  of  support  fumishc 
fay  his  feet  (heels,  and  balls  of  gTeat  toes,  and  lines  joining  these), 
he  must  stoop ;  if  the  burden  be  towards  the  front  of  the  body, 
as  in  the  case  of  obese  persons,  the  gait  becomes  very  am 

When  a  body  is  suspended  from  any  point  in  its  own  sub- 
stance and  set  a-swinging,  its  centre  of  gravity  ultimately  finds 
its  way  into  the  lowest  position  possible. 

Work  done  in  overturning  a  body. — If  there  bl  rotation 
round  the  point  0  of  Fig.  95,  so  far  that  M,  the  centre  of  gravity 

lie  bodj,  comes  to  be  immediately  over  that  point  and  over- 
turning is  effected,  the  centre  of  gravity  is  raised  through  p 
tain  height  k     The  weight  of  the  body,  mgt  x  that  height,  A,  is 
the  work  which  must  be  done  before  overturning  can  be  accom- 
plished. 
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Angle  of  Overturning. — If  the  force  applied  at  E  in  Fig.  9ft  be 
applied  in  a  direction  too  nearly   parallel  to  BD,  its  moment  mav 

iita  ann  CG  being  too  short)  to  produce  ov.-mnninp.  At  a  certain 
definite  angle,  BEK,  there  will  be  equilibrium,  the  arm  CO  being  of  ••xautlv 
men  length  as  will  make  the  moment  of  EF  equal  to  that  of  the  weight  of 
the  body.  It,  then,  tliis  angle  BEK  be  lea  than  Q,  the  angle  of  repose,  the 
bod*  Hum  before  eliding  ;  if  BEE  !•■<•  greater  than  tf,  the  body  will 

«lidc  before  overturning. 

Equilibrium,  Stable,  Unstable,  and  Neutral. — If  the  centre 
of  -  I  in  a  body  that  work  has  to  be  done   in 

<bsturbing  it — that  is  to  say,  if  the  centre  of  gravity  be  already 
at  the  lowest  ]>osaible  position — the  equilibrium  is  stable.  If 
a  ball  lie  in  a  bowl,  work  must  be  done  in  order  to  effect  any 

•laceinent  of  it,  for  no  displacement  can  be  effected  without 
raising  tbe  centre  of  gravity  of  the  ball,  ami  thus  imparting 
potential  energy  to  iL  When  the  ball  is  let  go,  it  rolls  back 
Bad  oscillates  in  the  bowl  until  it  conies  to  rest  The  same  thing 
is  seen  in  t  a  cradle,  a  rocking-horse,  a  pendulum,  or  a 

p  well  ballasted,  which  are  all  in  Stable  Equilibrium;  in 
the  last  case  the  oscillations  somewhat  resemble  those  of  a  pend- 
ulum whose  point  of  suspension  and  whose  length  both  vary. 

i  body  have  its  centre  of  gravity  placed  above  its  point  of 

support,  so  that  any  displacement  lowers  its  centre  of  gravity, 

!y  has   potential   energy,  which  it  is  disposed 

to  convert  into  kinetic  by  the  fall  of  its  centre  of  gravity  to  tin- 

rest  possible   point.     Hence    in    bodies    thus    in    Unstable 

Equilibrium,  a  very  slight  disturbance  may  cause  a  very  great 

placement,  disproportionate  to  the  disturbance,  but  depending 

the  potential  energy  stored  in  the  system.  In  this  case  are 
boats  in  which  people  stand,  high  chairs  in  which  children  are 

ed,  cars  which  an  heavily  loaded  atop,  deck-loaded  sliips,  and, 
short,  everything  which  is  "topheavy." 

When  no  work   is   done  upon  or  by  an  object,  as  far  as  the 
attracting  forces  are  concerned,  when  it  is  displaced,  the  Equi- 
ibrium   is  Neutral.     A  uniform  sphere  may  be  displaced  and 
ae  a  new  position  without  either  raising  or  depressing  its 
atre  of  gravity. 

A  sphere  floating  in  water  is  in  neutral  equilibrium  ;  a  plank 
floating  in  the  usual  way  is  in  stable,  while  a  plank  floating  with 
its  edges  vertical  is  in  unstable  equilibrium. 

Simple  Pendulum. — This  is  an  ideal.  It  is  a  heavy  part- 
icle suspended  by  a  weightless  cord.  An  approximation  to  a 
simple  pendulum  is  obtained  by  suspending  a  small  bullet  by  a 
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very  thin  wire.     The  length  of  this  pendulum  is  the  distance 
between  the  point  of  suspension  and  the  centre  of  the  bullet. 

If  in  Fig.  96  it  simple,  pendulum  of  length  /  =  AC  be  repre- 
rented  as  displaced  from  the  vertical  position  through  the  angle 
0,  m  being  the  mass  of  the  bob,  aud  nuj  consequently  its  weight, 
wluai  the  bob  is  at  C  the  force  of  gravity  D 
pi«.9o.  l>e  resolved  into  two  components:  one  =-mg  sin 
0  in  the  direction  of  the  tangent  at  0,  and  tend- 
ing to  bring  the  bob  towards  the  middle  line 
with  acceleration  =</  sin  6;  and  a  radial  Com- 
poneutssfly  cos  $,  which  renders  the  cord  tense. 
The  displacement  of  the  bob,  the  distance  betw< 
B  and  C  measured  along  the  arc,  is  equal  to 
10.  Now,  as  long  as  0  is  small,  some  2°  or  3° 
at  most,  sin  9  and  the  angle  0  are  nearly  equal, 
and  the  tangential  acceleration,  which  is  equal  to  y  sin  0,  bears 
to  the  displacement  10  an  almost  constant  ratio,  for  y  sin  $./l$  = 
(approximately)  gjl.  But  we  know  that  when  a  body  after  dis- 
placement is  subject  to  a  force  tending  to  bring  it  back,  which 
produces  an  acceleration  proportional  to  the  displacement,  the 
result  is  a  3.H.M.  ;  and  thus  a  pendulum  very  slightly  displa. 
dates  in  S.H.M. 

Simple  Harmonic  Motions  experimentally  performed. — A 

simple  pendulum  approximately  describes  a  S.H.M.     A  pendulum 

whose  bob  consists  of  a  flask  containing  coloured   fluid   or   ink, 

Fig.M.  which  pours  from  a 

l    narrow  orifice  as  thfl 

tla.sk    oscillates,    will 

ltd  the  path  ol 
pendulum.     A  quan- 
ef  nod  may  be 
insL.;id   of  ink. 
s  .shown 
in    Fig.   97    (Black- 
burn's    pendulum  | 
may  be  used  for  the 
description     of     the. 
3  compoun  H.M.'s 
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exemplified  in  Figs.  36-40.  If  the  bob,  whose  path  is  recorded 
by  sand.be  displaced  in  a  line  making  an  angle  of,  say,  4  j3  with 
the  line  of  the  cross-bar,  there  will  be  two  simultaneous  ami 
independent  oscillations   set   up  when  it   is  liberated:  one  from 
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cross-bar  and  at  right  angles  to  it;  one  from  the  point  P 
and  at  right  angles  to  the  other  oscillation.  By  adjusting  tin; 
rel;  igttkfl  of  the   effective  long  and   short  pendulum,  by 

means  of  a  peg  A,  round  which  a  certain  quantity  of  cord  is 
wound,  or  by  shifting  a  ring  at  P,  an  indefinite  variety  of  such 
figures  may  In'  produced. 

The  Time  taken  by  a  simple  pendulum  to  effect  one  complete 
oscillation — one  "  swing -stoang  " — depends  on  the  square  root  of  its 
length  /,  and  varies  inversely  as  the  square  root  of  g,  the  local 
acceleration  of  gravity.  It  is  equal  to  2«  s/ljg.  Thus  a  clock 
will  go  slower  at  the  equator  than   in  polar  regions;  a  clock  will 

slower  when  its  pendulum  has  been  lengthened  by  heat:  a 
clock  with  a  ten-inch  pendulum  will  tick  twice  as  often  as  one 
with  a  forty-inch  pendulum 

In   .S.H.M.  the  angular  velocity  u>  in  the  circle  of  reference  ia  equal 

/acceleration  at  any  point  of  the  S.H.M. 
V  dis]  it  that  point 

Ti.it  h,  mm  \/<?ain  &./l0=  y/gff. 

n  [the  angular  path  trarereed  in  time  T  —  the  time  T) ;  and  if  Qh 
time  be  bo  cho*?n  that  in  it  the  body  describing  the  S.H.M.  vonld  perform 
exactly  one  revolution  in  the  circle  of  reference — that  is,  if  T  \>r  At  period 
of  one  complete  o=  .ick  and  fore,  or  string-twang  of  the  pendulum, — 

*  =  2r/T  ;  whence  T  =  2ir  s/ljg,  and  f  =  tflH/T*. 

The  value  of  T  may  be  otherwise  written.  The  moment  of  inert iu 
I  mm  mP  ;  the  weight  tc  =  imj  ;  whence  T  =  2ir  »Ji\g  m  2ir  s/\jwL 

We  see  from  the  equation  g  =  (Air-jT-/l  that  of  those  pend- 
ulums which  oscillate  at  equal  rates  in  different  places,  the  lengths 
are  proportional  to  the  local  intensities  of  gravity. 

leg  acta  pertly  as  a  pendulum,  end  in  natuzal  locomotion  a  person 
with  *hort  let;-  has  e  tendency  to  take-  shorter  end  qp  ej  than  a 

penon  with  longer  limbs. 

Isochronous  Oscillations  of  a  Simple  Pendulum. — The 
nation  Tss  2hrV»/j?  shows  that  as  long  as  (g  .  sin  6./16)  may 
be  considered  to  be  equal  to  gjl, — that  is,  Bfl  long  as  the*  angle  6 
is  not  too  wide. — the  period  of  oscillation  does  not  depend  on  the 
amplitude  of  oscillation,  for  6  does  not  enter  into  that  equation; 
and  thus  within  certain  limits  a  pendulum  swings  in  equal 
periods  through  comparatively  large  or  comparatively  small  arcs. 

Length  of  the  Ideal  Simple  Second -Pendulum. — The 
seconds  pendulum  performs  one  "  complete  oscillation M  in  two 
on  g  =  47T-//T-,  when   T  =  2  sec.,  gives 
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,=;//•*--=  3-2G1G083  feet  or  39-1393  inches  at  the  latitude  of 
London,  at  sea-level,  and  when  the  barometer  and  thermometer 
are  at  standard  heights  (30  inches  of  mercury,  60°  F.) 

Work  done  in  moving  a  Simple  Pendulum. — En  Rr.  S)6  suppose 
tin-  iced  from  C  to  D  ;  its  angular  displacement  0  i*  increased 

t«.  0r      When  at  0  it«  vertical  height  above  B  is  lie — that  is,  AB  -  At,  or 

/  -  /  cos  0.      When  v«-rt  i«  .»1    h-iv'l  :      ;  I '.  is  /  -  I  cos  6t  ;  and   Eti 

Vr.Tti'-.tl     hi  /.i,      $  -  I  COS   6t.        WhftD     tlir     1  -«-1 .. 

whose  weight  is  my,  is  raised  from  C  to  D,  the  work  done  against  gravity  is 
<  I  (cos  6  -  cos  # ). 

Compound  Pendulum. — Let  a  body  of  any  shape  be  poised  on  a  point 

Of  axis  of  suspension,  us 
from  the  point  A,  or  an 
axis  panting  through  the 
point  A  in  Fig.  79  or  Fig 
FigM.  98  ;  lit  the  ra-lius  of  gyra- 

tion of  the  body  with  re- 

l :  bo  fctttfl  point  A  I ■• 

and  /i  the  distance  of  the 

■  >f  gravity  B  bnWl 

A      If    two    positions    1m 

taken,  as  in  Fig  98,  respec- 

oneepanding 
placements  through  ai 
B  and   0t,  the  vertir,  I 
tances  l«tween  the  centre 
of  gfltf  the    point 

of  suspension  are  respec- 
tiv.lv  lv  cos  6  and  h  cos  0. 
Tlie  work  done  by  the  body 

dnfibnj  i  movement   I 
the  higher  position  to  the  leva  li  mg  x  (a  cos  6  -  h  cos  0,)  =  mgh  (oua  0  - 
',)  =  0>y  page  151)  £W  -  imXW. 

i  ,-'  =  %gh  (cos  0  -  cos  0  )/H       ( 1 . ) 
The  work  ilone  by  the  bob  of  a  simple  pendulum  during  a  similar 
placeim -tit  i-  mgl  (cos  0-cos  0).     In  this  fall  it  acquires  angular  velocity  ««, 
and  kinetic  energy  =  Jlw2  —  %mP  .  ««.     The  kin.  ti<  energy  acquired  is  equal 
t"  -hi  pot  rgy  lost,  whence — 

£mP .  wf-  «=  nujl  (cub  0  -  cos  0 ). 
*2«2</(cos  0-coa  6/,i  '  (2.) 

If  the  simp].-  pendulum  were  of  such  a  length  as  to  oscillate  at  the  same 
a*  the  compound  "lie      that  is,  if  oj,  the  angular  velocity  of  the  oneau, 
tind  fn.ru  (1)  and  (2)  that — 

•OH  0-COS  0)  S0-CO*' 

Bta  ndulum  oscillates  at  tin  ae  a  theateUcnl 

simple  nendnlnin  of  length  &/h;  ti  period  bT=  2 

Tin-  length,  Mi,  the  Length  of  tJ  kdninm,  ih  the 

distance  between  the  centre  •  I  the  centre  of  o- 
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MK-  be  the  moment  of  inertia  of  the  compound  pendulum  round  its  Cffl 

iry.      Then  round  the  centre  of  suspension  the  moment  of  inertia  is 

<\-'-t-A-)  and  the  length  l<>\  Hi.-  fjuivivli-nt  -iinph-  jn-ii.IiiIhiu  in  K'-' -r  A 

The  dlttwfw  I  d  ilit-  cento  UaAftoa  and  the.  centre  of  | 

A  =  (K*  +  A2./A)-A  =  K*/A. 

body  from  the  centre  of  oscillation.     The   morueni 

ant  u  M(K*  +  h;*)  =  M(K*  +  (K-/A)'-')  =  say,  Mi '-'.     The  Isngl b  /, 

of  the  eauta]  le  pendulum  if  t*/ht  -  JB?  +  (K'-'/A)2)  *  (KVO  - 

(K*  +  AJ)/A.      But  this  is  also  the  value  of/.     Whence  l  =  lt  and  the  centre* 

of  suspt-i  of  oscillation,  the  distance  between  which  iB  the  length  of 

udulum,  are  interchangeable.     Therefore — 


If  a  body  of  any  form  be  suspended  at  a  certain  point  and  be 
found  to  oscillate  at  a  certain  rate;  if  another  point  in  the  body 
be  found  after  trial  at  which  the  body  being  suspended  will 
oscillate  at  the  same  rate, — then  the  distance  between  these  inter- 
changeable points  of  suspension  is  the  true  length  of  the  ideal 
simple  pendulum  oscillating  at  the  observed  rate. 

ProhUm. — Prove  that  a  cylindrical  rod  will  swing  at  the  same  rate,  whether 
it  be  MMpBDrted  from  its  extremity  or  from  a  point  one-third  of  the  length 
from  the 

Ballistic  Pendulum. — Suppo  mass  M  to  be  suspended  from 

a  point.     Into  this  heavy  mass  let  a  bullet  of  mass  m  be  horizontally  fired, 
striking  with  velocity  v,  and  let  the  bullet  Bink  into  it  so  as  to  form  a  con- 

1 1  mass  M  -f  m,  whose  centre  of  mass  is  at  a  distance  h  below  the  point  of 
Ftispemuon.      The   energy   of   the   striking   bullet  it  -uu--.-2  ;    this  eneiy 
wholly  impar:  conjoint  mass  before  that  mass  has  had  time  to  be- 

displaced.  In  virtue  of  this  energy  imparted  the  whole 
is  displaced  so  far  that  the  suspending  cord  comes  to  make  an  angle  0 
with   it*  original  position,  work  Wing  thus  done  against  gravity,  aqua] 

A 

f  m)gh(l  -  cos  0)  or  (M  +  m,)gh  .  2  sin*  —  ;  the  whole  then  falls  back 

2 

r^alter  oscillates  in  ordinary  pendulum  fashion.     The  energy  imparted 
the  work  'lone  againBt  gravity  BW  equal  ;  whence 

mP/2  m  (M  +  m)gh.  2  sin2  (0/2), 

no  (6/2)  ccv. 

Tb  neb  that  the  rim  of  half  the  Section  ta  proportional 

impinging  ballet,  and  therefore  to  the  square  root  of 

i he  angular  velocity  imparted  to  the  swinging  mass,  tl 
imparted  may  iko  be  written  as  JIoA"  ;  whence 

Iw-  -  2(y{+m)gh.  2  sin1  0/2 
and  <o  =  2  \/{M  +  m)tjhfl  .  sin  0/2. 

Stability  of  a  Ballistic  Pendulum. — The  amounts  of  energy  which 
iau*t  be  imp. i  k  such  a  pendulum  through  15s,  30",  46°, 
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60°,  75°,  90°,  105°,  120°,  135°,  150°,  165°,  or  180°,  are  the  products  of 
(U  +  m)gh  into  00341,  0134,  02929,  05,  07412,  1-0000,  12588,  15, 
1-7071,  1-866,  1-9659,  or  2-0000  respectively.  From  these  figures  we  see 
that  the  Stability  of  a  pendulum  in  any  position — the  amount  of  energy 
which  must  be  imparted  to  it  in  order  to  throw  it  farther  through  one 
degree — is  greatest  when  the  throw  is  already  about  90°.  Thereafter  it 
diminishes  ;  and  when  the  energy  imparted  exceeds  2(M  +  tn)ght  or  when  the 
velocity  of  the  impinging  bullet  exceeds  a  certain  limit  (v  =  2  \/(M  +  m)gh/m), 
the  pendulum  is  thrown  right  over,  and  describes 
a  somersault.  Problems  of  this  nature  are  of  great 
importance  in  connection  with  the  stability  of 
ships. 

Bifllar  Suspension. — If  two  masses,  A,  B,  at 
the  extremities  of  a  weightless  rod  AB  be  suspended 
by  the  parallel  cords  ah.  and  6B,  and  if  these  be 
displaced  so  that  round  O,  the  central  point  of  AB, 
there  is  rotation  through  an  angle  0,  there  is  neces- 
sarily a  lifting  up  of  both  A  and  B,  and  there  will 
be  components  of  gravitation  tending  to  stretch  each 
suspending  string,  and  components  tending  to  restore 
A  and  B  to  their  original  positions.  We  need  only 
consider  the  cord  aA.  Its  lower  extremity  is  swung 
horizontally  through  an  angle  6  with  respect  to  O  ; 
the  whole  cord  is  deflected  from  its  vertical  position 
through  an  angle  \p  such  that  aA .  tan  \p  =  the  chord 
of  the  arc  of  6  —  OA .  2  sin  0/2.  The  component 
of  gravitation  tending  to  restore  A'  to  A,  acting 
towards  A  is  equal  to  mg  tan  \f/.  Its  moment  round 
O  is  (mg  tan  ip) .  (OA  .  cos  6/2).  The  whole  moment 
B  of  the  couple  is  2mg  tan  \j/ .  OA .  cos  0/2  —  2roa 
(OA2/aA)  2  sin  W/2  .  cos  6/2  =  2mg  (OA2/aA)  sin  6. 
The  moment  of  the  restoring  force  is  thus  propor- 
tional to  the  sine  of  the  angle  of  deflection,  and  the  oscillations  of  such 
a  system  are  approximately  simple  harmonic. 


B 


f 
A' 


CHAPTER    IX. 


MATT!  I:. 


The  essential  nature  of  matter    its  Bubetaetnna — is  unknown  to 
us ;  we  only  know  matter  by  those  of  its  properties  which  we 
j<erceive    by  our  senses.      Tliese    properties  are  subject  to  our 
•lireet  observation  and  to  our  study,  anil  from  them  we  may  in 
as  b)  the  constitution  of  matter  rnueh  which  we  cannot  dire 
perc-» 

Tin:  Properties  of  Matter. 

ma  of  these   properties  of  matter  an-  general,  M  that  if 
v  were  other  than  they  actually  are,  the  nature  of  our  universe 
WOUldl  Ikj  totally  different;   and  thus,  in  relation  to  the  matter  of 
the  '    universe,  tliese   properties   are  with  sufficient  appro- 

priateness said  to  be  essential.  For  instance,  all  experience 
leads  us  to  say  that  matter  must  necessarily  exist  in  definite  or 
measurable  Quantity  ;  and,  since  quantity  of  matter  is  expressed 
be  word  Mass,  we  say  that  every  body  must  ha\ 
mass,  for  it  is  to  us,  with  our  range  <»f  ideas,  impossible 
to  conceive  of  a  definite  body  having  a  physical  existence,  but 
of  an  indefinite  quantity  of  matter.  There  are  main 
bodiei  of  which  we  do  not  definitely  know  the  mass,  but  e\ 
body  must  have  some  definite  mass,  great  or  smalL  If  the  mass 
of  a  body  be  great,  the  body  is  said  to  be  massive ;  if  its  mass 
lie  small  it  h  usually  said  to  be  light,  though  that  adjective 
properly  antithetical  to  heavy,  a  perfectly  distimt  i*,l.a.  A 
massive  gate  is  difficult  to  move,  not  because  it  is  heavy,  n>r 
gravity  does  not  alTeet.  tin*  horizontal  swing  of  a  gate  on  its 
hinges,  except  indeed  by  affecting  the  friction  at  the  binges;  it  is 
difficult  to  i  ause  its  mass  m  is  great;  and  since  /=mo, 

to  produce  a  given  acceleration  a,  if  the  mass  m  be  large,  tin- 
force  applied  must  be  great.  It  would,  in  theory,  be  equally  con- 
siderable were  the  gate  and  its  hinges  removed  to  a  region  where 
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the  effect  of  gravity  vanished,  and  the  gate  had  therefore  not  even 
'hers  wd 

As  regards  Quality  of  matter,  experience  shows  us  that  ei 
substance  with  which  we  are  acquainted  is  made  up  of  one  or 
othex  or  more  or  fewer  of  about  seventy  different  kinds  of  matter. 
These  kinds  of  matter  are  called  elements.  They  are  considered 
to  be  distinct  kinds  of  matter.  Bud  are  called  separate  elements 
simply  as  a  confession  of  our  relative  experimental  impotence,  I 
of  our  complete  failure  up  to  this  time  to  break  up  any  one  of 
them  into  simpler  substanc.es,  or  to  build  any  one  up  by  any 
synthetic  process.  A  piece  of  brass  may  be  by  analytic  pro- 
cesses resolved  into  its  component  copper  and  zinc,  and  when 
copper  and  zinc  are  fused  together  in  proper  proportions,  brass  of 
a  similar  quality  may  be  made  ;  but  no  one  has  broken  up  either 
zinc  or  copper  into  any  simpler  components,  neither  have  these 
metals  been  made  by  causing  any  simpler  substances  to  combine 
These  metals  are,  then,  Elements;  ami  the  substances  which  t! 
form  by  entering  into  combination  with  other  elements,  as  well  as 
the  circumstances  under  which  these  combinations  are  effected, 
form  the  subject-matter  of  the  science  of  Chemistry.  The  descrip- 
tion of  any  given  su  Instance — clilorine,  nitrogen,  calcium — as  on 
element  is  thus  seen  to  be  entirely  provisional.  The  expei  \> 
1807  may  possibly  be  repeated  when  least  expected.  Before  that 
date  lime,  soda,  and  potash  were  enumerated  in  the  list  of  elements, 
though,  from  their  strong  likeness  to  metallic  oxides,  it  was  vehe- 
mently inspected   that   they  were  really  not  elements   at  all,  but 

is.  When  Sir  Humphry  Davy  brought  the  galvanic  bat! 
of  the  fioyal  Institution  to  hear  upon  masses  of  these  substances 
he  resolved  them  into  oxygen  and  into  metals  never  seen  till 
then;  and  thus  the  list  of  elements  suffered  a  profound  modifica- 
tion. Now  evidence  of  a  speculative  character,  on  the  one 
hand,  based  (Mendelejeff  and  Newlands)  upon  the  remarkable 
relations  existing  between  the  chemical  properties  of  the  elements 
and  their  atomic  weights,  and  also  (Gladstone)  upon  the  relations 
between  these  chemical  properties  and  the  extent  to  which  such 
of  the  elements  as  are  transparent  or  form  transparent  compounds 
possess,  either  when  pure  or  in  combination,  the  power  of  refract- 
ing  a  beam  of  incident  light;  and  evidence,  on  the  other  hand, 
of  a  directly  observational  character,  based  (Lockyerj  upon  I 
results  of  spectrum  analysis  as  applied  to  the  stellar  bodies,  results 
which  seem  to  show  that  many  elements  are  decomposed  by 
intense  heat  into  simpler  elements ;  this  mass  of  evidence  lends 
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mlative  supjxut  to  a  belief,  which   is   rapidly  gaining  ground, 

that  all    toe  el  amenta  differ  from   one  another  only  in   their   inti- 

u'tuiv.  and  have  a  common  basis  which  may  not  impos- 

.  lie  hydrogen;  or  in  other  words,  that  all  the  elements  are 

1 1 al  modifications  of  one  form  of  Matter.     Thus  even  the 

i  a  of  the  transmutation  of  metals  cannot  now  be 

treated  with  such  unmitigated  contempt  as  it  Hi  hirty  or 

B  ten  years  ago,  though  it   may  continue  to  be  B  dream  to  tin-* 

realisation   of  which  no  approach   is  possible,  on  uecount  of  the 

necessary  limitations  of  our  experimental  appliances. 

I  n  reference  to  Space:  every  mas3  of  matter  must  at  any  instant 
occupy  a  definite  volume  of  space  :  it  must  have  some  Extension 
in  tridimensional  space — it  must  have  dimensions  expressibh 
us  of  length,  breedthj  and  thioknees.    As  a  natural  consequence 
ry  mass  of  matter  must  have  some  definite  form,  whether  that 
;u  be  imposed  on  it  by  surrounding  matter  or  not — whether,  like 
a  s<>  a  form  of  its  own,  or,  like  water  in  a  basin, 

it  have  a  form  which  depends  partly  on  the  form  of  the  vessel  oon- 
taij  r,  like  gas  confined  in  a  gasometer,  its  form  as  well  as 

its  v  pend  on  that  of  the  vessel  in  which  it  is  enclosed. 

A tiaing  the  properties  of  matter  which  are  said  to  be  essential 
e  usually  find  mentioned  that  known  as  impenetrability.     Tliis 
means  that  two  masses  of  matter  cannot  occupy  the  same  space. 
In    view  of  the  peculiar  phenomena  attending    the  solution   of 
stances  in  water — a  very  large  quantity  of  different  salts  being 
soluble  in  water  without  materially  increasing  its  bulk — we  cannot 
le  this  absolutely.     But  matter  is  believed  to  be  composed  of 
minute  masses  called  Molecules,  and  of  these  it  is  held  to  be  true 
that  two  cannot  coincide  in  position.      But  these  are  not  in  con- 
tact even  in  solids,  and  so  a  body  is  always  bee  to  shrink  in  size 
— as,  for  instance,  when  it  is  cooled  down  or  compressed — bee;  > 
the  distance  between  its  molecules  is  capable  of  diminution  ;  and 
thus  a  quantity  of  water,  which  is  not  a  continuous  substai 
may  receive  between  its  own  molecules  a  number  of  molecules  of 
and  so  form  a  solution,  without  entirely  sacri- 
ug  that  freedom  of  movement  post  one  another  which  its  own 
lecnles  possess — that  is,  without  entirely  losing  its  fluiii 
impenetrability  of  matter  is,  then,  a  property  <«t  molecules, 

If  s  o.*rtain  bttlS  of  metallic  potassium  contain  45  stems  or  half-raolucules 
'  potauMtuii,  an  equal  potash  will  contain  70  atoms  of  potas- 

sium and  140  of  hydrogen  and  i 
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In  respect  of  Time:  Lapse  of  time  brings  about  no  change 
either  fan  the  quantity  of  matter  or  in  its  quality — that  is,  matter 
indestructible  lx>th  in  regard  to  its  total  quantity  ami  to  the 
quautity  of  each  element.  Such  is  the  ordinary  belief;  tin- 
former  statement  is  in  accord  with  the  universal  experience  of 
Chemistry;  but  he  would  be  bold  who,  from  the  experience  of 
mankind  on  the  surface  of  the  earth,  should  venture  to  deny  that 
i  he  interior  of  this  planet  there  may  even  now,  aa  the  earth  is 
cooling,  be  an  increase  taking  place  in  the  quantify  of  the  more 
complex  at  the  expense  of  the  more  simple  elements ;  not  to 
speak  of  the  positive  probability  which  spectrum  analysis  lends  to 
a  belief  that  this  kind  of  action  is  actually  going  on  in  the  fixed 
stars.  Be  that  as  it  may,  within  our  experimental  range  of  know- 
ledge there  is  no  trai  ton  of  elements  and  no  destruction  or 
creation  of  matter.  Matter  changes  its  forms  and  its  combina- 
tions incessantly,  hut  it  can  always  be  traced  up  by  chemical 
analysis.  A  closed  glass  tube  containing  oxygen  and  powdered 
charcoal  weighs  exactly  the  same  after  the  charcoal  has  been 
induced  to  burn  in  the  oxygen,  and  thus  to  disappear,  as  it  did 
before  that  action  ;  the  gaseous  carbonic  acid  produced  is,  though 
invisible,  equal  in  total  weight,  and  therefore  iu  mass,  to  the 
sum  of  the  carbon  and  oxygen  which  composed  it. 

The  general  properties  of  matter. —  By  ■  distinction  which 
is  somewhat  arbitrary  the  preceding  properties  are  said  to  be 
essential,  while  those  of  inertia,  weighs  divisibility,  and  poros 
are  said  to  be  general,  beoanae  found  to  be  possessed  by  all  matter. 
The  statement  that  inertia  ■  mI  property  of  matter  simply 

I  -t  law  of  motion  is  a  universal  result  of 

experiment. 

All  bodies  possess  weight  at  the  earth's  surface  and  within 
experimental  Of  observational  limits.  A  mass  placed  00 
earth's  surface  is  attracted  by  the  earth,  by  the  sun,  the  moon, 
the  planets  of  the  solar  system,  and  in  a  less  degree — the  attrac- 
tion being  so  small  that  we  have,  no  direct  evidence  of  its  exist- 
ence—by the  distant  fixed  stars;  the  resultant  differs  so  very 
1  i  t-t  *  the  direct  attraction  of  the  earth  that  the  latter  alone 

f  be  considered  ;us  pilling  the  mass  downwards  towards  it> 
centre ;  but  this  is  only  a  first  approximation,  for  a  more  careful 
discussion  of  the  intensity  and  direction  of  the  resultant  force 
helps  us  to  explain  the  phenomena  of  the  Tides. 

All    masses   are    divisible ;   the   only    question    which    here 
emerges  is  that  as  to  indefinite  divisibility.     Is  a  given  mass — 
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say  of  chalk — divisible   to  infinity,   or  would  we   after   division 

frequency  obtain  a  small  mas9  of  chalk 

which,   if  further  divided,  would  be  no  longer  chalk,  but   might 

>aps  be  broken  up  into  lime  and  carbonic  add  (     The  facta 

•if  chemical   equivalence,  as   ascertained  by   the    balance,  seem 

i  h-  of  no  natural  explanation  other  than  that  mat 

U  made  up  of  such  ultimate  particles,  and  hence  matter  is  con- 

ta   be   infinitely  divisible.      We   shall    recur  to   tli 
subject 

iriillcl  lines  on  glass  at  a  mutual  distance  of  1/40,000 
holf  the  wave-length  for   Mue   light.      N<>   miaraSBOpe   made   rati   «how 
tae*e  *■  distinct  line*. 

All   matter  is  porous  or  possesses  porosity.      Hydrogen  gas 
leaks  through  white  under  pressure;  cold  water  can  be 

pressed  through  iron,  as  may  be  seen  in  Bra mah's  hydraulic  press, 
or  through   lead,   as    in    Francis   Bacon's  famous  experiment,    in 
booh  \  shell  of  lead  filled   with   water  and   OOmpiefl 
i  at  oozed  through  the  lead  Bad  stood   in  drops  and 
beads  on  the  surface  of  the  shell. 

Contingent  properties  of  matter. — Some  of  the  properties 

er  are  contingent,  and  depend  on  the  particular  kind  of 

matter 'considered   and   on   the   surrounding  circumstances.     As 

example-  Lay  take   the  facility  with  which  ;i  body  is  heated, 

the  rate  at  which  heat  can  run   along  it,  the  ease   or  difficulty 

i  which  light  can  pass  through  it,  and  so  on. 

Tli-  fcy  oi  matter  pet  unit  of  space  is  defined  as  the 

density  of  the  muss  tilling  ti  e.     Thus  a  gramme  of  water 

ibic    centimetre,   and   according  to    the    i'.iI.S.    or 

lUmutra giamme-Becond  system  of  measurement,  the  density  of 

wat^r  ramme/j   c.c.)  =  1.      More  accural-  lv    |  Knpller),   1 

'.»  C.  weighs  10  00,0 13  standard 
tad  rts  density  is   1000,0 13.     In  the  same  way  the  density  of 
is  11  o,  because  1  c.c.  weighs  11*5  grammes. 

-  neral,  if  w»  be  the  uiaas  contained  in  volume  V  and  p  the  den 
p%  or  to  -»  \p. 

kind  «if  matter,  simple  or  compound,  has  a  special 
density  of  its  own  ;  thus  a  given  hulk  of  Lead  oonttaine  i  I  .">  times 
is  much  mass  tame  bulk  of  water.      Water  is  taken  as  the 

fitandard  of  density  ;  its  specific  density  is  said  to  be  =  1,  tb 
sometimes,  in  esti  the  density  ot  fluids,  it   is,  in  order  to 

avoid  decimal  fra<  i  koned  as  1000.     lu  the  same  way,  the 
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!     ilk:  density  of  lead  is  115,  and  those  of  all  substances  may  be 
erimentaily  found  and  recorded  in  a  table  of  specific  densi- 
ties, or,  as  it  is  more  commonly  called,  a  table  of  specific  fjravn 
These  are  experimentally  found  by  taking  advantage  of  the  fact 
that  weight  is  proportional  to  mass;  w  a  my.     The  piece  of  lead 
which  will  occupy  a  given  space  not  only  contains   11^  times  as 
much  mass,  but  also  lodghs  1 1 1  times  ee  unci)  u  tioequ&iu1 
of  water  which  would  fill  the  same  space.     Thus  the  density  of  a 
body,  as  compared  with  that  of  water,  presents  a  ratio — its  qx 
density — which  is  numerically  identical  with  the  ratio — its  qn 
—of  its  weight  to  that  of  an  equal  bulk  of  water, 

If  m  and  m,  be  the  masses  of  equal  volumes  of  the  body  and  of 
v  fihflH  equal  toLdob 

body      w/V       m 
*^  '  iter     —  mjV  ~  ra 

weight  of  the  body  my      m 

'  1 "  "        f  ~  weight  of  equal  bulk  of  water  "  mg  ~  mt 

II- nee  sp.  density  and  sp.  gravity  are  numerically  identical  ratios. 

Sketch  of  the  Experimental   Methods  of  finding   the  Specific 
Density  of  Bodies. 

(a)  Solids. —  1.   V\  bodj   Is  tiz  Qproperij  i a  vacuo);  measure  it* 

bulk  ping  it  (suspended  by  a  thin  string)  into  W I  t<r  contained  in  vessel 

A,  ami  nl  -crviii.;  the  rise  of  level  in  tliat  vessel ;  take  it,  out:  mil,  <>t*  ■  known 
quantity  of  water  in  vessel  B  poui  BDOQgh  water  into  vessel  A  to  \>i 

il  rue  (if  li-V'i  in  tli-'  vrswl  A  ;  find  the  weight  of  the  water  that  has 
been  poured  out  of  vessel  B.  Then  the  weight  of  the  body  4-  the  wt  of  th- 
equal   bulk  of  water  poured  oofl  of  B  =  the  sp.  density  ..      Thr 

practical  objection  to  this  method  is,  that  the  body  when  taken  from  vessel  A 
nmc  of  the  water. 
8.   '•'  IkhIv  in  air;  put  it  in  a  vessel — a  "specific-gravity  flask" 

— marked  diet.  ill  with  water  Op  to  the  nm; 

level;  weigh.      Empty  the  vessel  and  fill  with  water  alone  up  t<i  the  mark; 
:h. 

Then  weight  of  vessel,  body  and  water  up  to  level,  =  V  +  B  +  w. 
„  ,,  vessel  and  water  alone  up  to  level    =  V  -f 

.  .   wt.  of  water  which  replaces  the  body  is  W 
and  wt  of  body  is  B. 

wt.  of  body l: 

''"  K  *  "  wt.  of  equal  bulk  of  water  ~~  W  -  ¥>' 

3.  Take  advantage  of  the  following  proposition  in  Hydrostatics  \  —  A 
suspended  in  a  lirjui  hat  liquid  to  such  an  extent  as  to 

diminish  in  apparent  weight  by  Ml  amount  equal  lo  the  weight  of  tl 
>»f  the  liquid  which  it  may  lie  considered  as  displacing.     If  a  body  of  exactly 
the  same  density  as  water  be  suspended  in  water,  it  will  neither  sink  nor 
rise;  its  apparent  weight  will  =  0;  its  sp.  gr.  =  (wt.  in  air  -r  loss  in  water) 
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=  1/1  =  1.     If  it  be  more  dense  it  will  sink,  but  Blowly,  for  while  its  mass 

00  that  mass  13  apparently  diminished*     If  it 
water,  it  will  rise ;  its  weight  will  appear  to  be  leas  than 
;ng,  negnt! 

:  k  uf  volume  v  and  density  "S  will  have  a  moss  i»  x  '8  »*  'Bv.  An  equal 
bulk  of  water  would  have  a  mass  v  x  I  —v.  The  weight  of  this  mass  of 
waU  be  mass  xg  =  vg;  tin  tent  of  cork  b  si miLirly 

•8t>y.     The  apparent  weight  of  tin-  man  of  cork  will  be  'Sep  -  vg  =  -  •.' 
i  ntton  will  bfl  ii'-;  ative,  or  the  cork  will  move  up»  U 
upward  accelerating  force,  m  'Sty,  acting  on  a  mass  '8e,  will  produce  an 
accel  nee  a  =/  m        ■- .•.//•8«  =  •{•</,  and  but  far  Frict i« >n  in  tin-  in 

the  cork  I  Upward  BOC  "inl. 

Therefore  weigh  ■  body  En  air;  suspend  it  by  e  Ana  ?:  m  the  pan 

of  a  balance,  bo  that  it  just  Miiks  wholly  into  water.      It  will  appear  to  weigh 
leas.     Th'-n  the  <\\.  gr.  ^  (weight  in  air 4- apparent  Una  of  weight  In  wa[ 
or,  accurately,  (weight  in  vocrio  -r  apparent  lOH  of  weight  in  water).      If  the 
body  be  lighter  than  w.i  it  a  piece  of  heavy  substance — say,  lead 

— of  known  weight  and  known  density  (lead  =  11  *o).     Then  the  weight  of 
*)  Xy ;   that  of  the  light  substance  is  pV,y;  together  they  weigh 

1 1-5  Yy  +  pVe  g.     In  water  they  weigh  1 0  •"»  Vg  +■  (p -  i)  V  g.    The  loss  of 
lead  alone  must  he  Vg,  or  1/11 '5th  of  it*  weight ;  whence  the  loss  of  tin 
Hgfat  body  in  water  is  easily  determined  by  iliHereuee  ;  and   its  density,  the 
fr.v  I  lit  in  air  -5-  loss  in  water),  found. 

4.    If  the  solid  be  soluble  or  be  otherwise  acted  on  by  water,  some  other 

fluid  is  made  use  of,  such  as  naphtha  or  turpentine,  the  specific  density  of 

which  is  known.      If  the  specific  density  of  the  solid  with  referen 

liquid,  bond  by  any  of  the  above  mentioned  methods,  be  «//,  and  the  sp.    I. 

ence  to  water  be  J/w,  pxodnetof  theeespeeific 

•  l*-nsitie-  10  ii  the  8p.  d.  of  the  solid  at  OOmparsd  with  water. 

(b)  Of  Liquids. —  1.    Fill  a  weighed  vessel  up  to  a  certain   mark  with 
the  liquid:  the  whole  weighs  bo  much:  by  difference  find  the  waight  of  the 
Empty  the  vessel  and  repeat  the  process  with  water;  the  water 
which  till-  the  veasel  up  to  the  same  mark  weighs*"  inudi.     Than  the  -\>. 
gr.  of  the  liquid  -  ;  ran  hulk  of  Liquid  *  wt.  of  same  bulk  of  water;. 

2.  A  body  immersed  in  water  appears  to  lo6«  l/sth  of  itfl  WOigbj  :  im- 
roersed  in  the  fluid  to  be  tented  it  appears  to  lose  1/j/th  of  Ua  w<  i^liU  This 
>*ody  i«  ■  times  (x  being  a  whole  number  or  n  Baaotton]  H  dann  a*  vat 
times  as  dense  as  the  fluid.  The  density  ol  the  fluid  i<  to  thai  •  I  water  as 
the  apparent  loss  l/f  in  the  fluid  is  to  the  apparent  loss  1/x  in  the  water — 
thai  is,  as  Jt  :•;  and  the  sp.  d.  of  the  fluid  is  xjy. 

I)  By  the  use  of  Hydrometers,  AlcolnduiueterH,  nd  the  like.     The  piin- 
thesc  instrumeuts  is  the  following: — A  body  which   Hosts  in  water 
without  being  wholly  su  1m ii r;  .■  d  is  in  equilibrium  under  the  action  ol  I 
forces- — (Ij  the  weight  "f  the  whole  body;  (2)  the  buoyancy  of  the  water, 
equal  to  I  part  of  the  water  displaced.     Thus  ice  float 

r  with  |Bqyq  of  its  bulk  submerged.  If  the  volume  of  a  mass  of  ice  he 
r  and  its  specific  density  p,  the  weight  of  the  mass  is  vpg,  and  the  weight  OJ 
the  mats  of  water  equal  in  volume  to  the  submerged  part  of  the  mass  of  ice 
hi  *91  Be  x  •/.  These  ar»-  equal ;  vpg  =  'OlSvg;  whence  p  =  !'  I  B,  the  >j»  <iti. 
tlexx  ith  water  -  1.     Thus  the  ip.  d.  of  a  body  float- 

water  =  (part  Uameiaod  +  whole  volume^  This  method  might  be 
naed  u>  deters  lids  were  it  nol  for  prad 
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measurement,  which,  for  the  sake  of  explanation,  we  here  suppose  overcome. 
If  a  mass  of  iofl  be  pitted  in  chloroform,  it  will  Boat  with  •6125  of  its  mass 
submerged;  the  sp.  gr.  of  ice  in  reference  to  •  hi i -reform  is  '6125.  The 
problem  comes  to  be  this.  Water  is  Vi'str  rimes  us  heavy  m  ice,  chloroform 
is  ViVa"  lime8  ^  heavy  as  ice — What  are  the  relative  densities  of  water  and 

roform?  (  'hloioform  is  heavier  than  water  in  the  ratio  of  YtVt  :  VtS?» 
or  9180  :  6125,  or  1497  :  1 ;  that  is,  its  sp.   1.  i<  1  497.     We  sec,  then,  that 

comparative  Bpt  d.  of  HqTddl  could  be  ascertained  by  finding  to  what 
depth  bodies  floating  in  them  will  sink,  if  we  could  perform  the  necessary 
measurements  with  tin-  requisite  accuracy.  But  instruments  which  have 
been  graduated  by  tin-  ni4rument-maker,  who  observes  and  marks  «>n  th.  m 
with  more  or  less  care  the  depth  to  whieh  they  sink  in  various  liquid 
known  Hpecific  gravity,  tAd    marks   the  Q  an   bj    (» roper 

figures,  are  in  common  DM  hf  promptly  ascertaining  the  density  "f  WriPM 
They   are    imually  made   \vit]i   large   bulks,   generally   loaded    with 
OMfOOiy  01  lead-shot,  in   order  thai    ih<  v   nay  Boat  y\  ud  they  have 

a  narrow  stem  which  is  graduated.  They  are  caused  to  float  in  the  liquid 
whose  density  is  to  be  found :  the  graduated  stem  stands  more  or  less  out  of 
the  Liquid  ;  the  figure  upon  it  which  corresponds  DOtt  tu-arly  with  the  general 
level  of  the  surface  of  the  liquid  in  read  off  ami  NOOtdfid.  It  is  convenient 
in  effecting  -uch  readings  to  arrange  a  piece  of  black  paper  to  serve  as  a 
background,  and  to  place  the  liquid  to  be  tested  in  a  glass  vessel. 

Ruusseau'a  Densimeter  bears  at  its  summit  a  little  cavity.      In  this  u 
•Obit  centimetre  of  the  tluid  is  placed:   MOOXdillg  to  the  depth  to  which 
this  makes  the  instrument  sink    iu  water  is  the   density  of  the   tlnid  deter- 
mined, according  to  the  graduation  performed  beforehand  by  the  instrument 
maker. 

FahieiihritM  Areom.  !•  i  i  Hfbbl  of  a  similar  instrument  provided  at  its 
summit  with  :i  liti:  -i  or  pan.      It  is  placed   in  water  at  3**9  C,  and 

loaded  by  small  additional  weights  placed  in  the  pan,  until  the  areometer  sinks 
in  the  water  just  so  far  thai  the  level  of  tin-  water  IVtfh  a  ecu 

mark  on  the  mstniineiit.     Than  tin-  mhii  of  the  known  weight  of  the  areo- 

E  t  the  additional  v,  it   mi  =»W  —  the  w.  I  Efel  Oi  tin-  bulk  of  v 

1  u-ed.      It  is  removed)  dried,  and  placed  in  the  liquid  to  bo  tested,  and 
again  loaded  till  it  Standi  el  tki    mm    level  as  before.     The 
instrument  -f  tin   weight*  now  added  «  W,™  the  weight  of  an  equal  bulk  of 
liquid  to  lie  tested.     Then  W    W,  the  ratio  of  th.se  weights,  is  the  specific 
density  of  the  liquid  in  question.      If,   for  example. 

800  gra.  and  float  in  water  at  the  proper  1<  v-  1  when  loaded  with  200  grains; 
loaded  with  80  grains  it  limits  at  the  same   level   in  an  AQV  i  of 

ammonia:  the  total  weights  are  1000  and  880;  the  density  of  ammonia 
solution  h  '880. 

Nicholson's  Areometer,  which  is  sometimes  used  for  determining  the  density 
of  solids,  is  a  mo.  liti.  a  ion  of  these  instruments.  It  bears  two  platforms- 
one  at  the  summit,  out  of  the  water,  and  a  lower  one  in  the  water.  The 
body  whose  density  is  to  be  found  is  placed  on  the  upper  pan  along  with 
weights  just  sufficient  to  sink  the  areometer  to  a  certain  mark.  The  body 
is  transferred  to  the  lower  pan,  beneath  the  level  of  the  water.  More 
weights  must  be  placed  in  the  upjH_«r  pan  to  cause  the  areometer  to  sink  to 
the  Kim.-  level;  these  weights  are  equal  to  the  apparent  loss  of  weight 
suffered  by  the  body  when  placed  in  the  water  on  the  lower  pan.  Then 
(weight  of  body  «f  the  additional  weights)  —  density  of  the  solid. 
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4.   By  Specific-gravity  Bulbe.     Bulhs  are  sold  which  are  known  to  float 

with  liquids  of  the  sp,  %r.  marked  iu  numbers  upon 

ben  are  tlirowii  into  the  liquid;  tho*e  which  hear  too 

high  a  nuiiil"  r  .-ink,  those  which  are  too  light  riae;  the  one  exactly  corre- 

if  there  be  one,  ia  at  rest  anywhere  in  tin    HnM. 

(c)  Of  Gases. — The  density  of  a  gas  is  found  by  an  application  of  the 

same  principles  as  those  employed  in  determining  that  of  a  liquid.    A  eoppei 

.-lass  vessel,  iu*  light  as  ia  consistent  with  adequate  bulk  and  strength,  has 

the  contained  air  extracted  from  it  by  means  of  a  good  air-pump;  it  is  then 

•_liul  empty  ;  it  b  very  slowly  filled  with  the  gu  and  left  for  BOON  time 

in  communication  with  a  reservoir  of  it,  its  stopcock  ia  closed,  and  the  vessel 

filled  with  the  gas  is  again  weighed  :  the  weight  of  the  volume  of  gas 

which  fills  the  vessel  is  thus  ascertained.     It  is  again  emptied  by  means  of 

the  air-pump,  and  then  air  is  allowed  to  enter  it.     After  standing  for  some 

time  in  order  to  acquirv  tin-  UanpcutallB  of  the  room,  it  is  again  closed  and 

:  thus  the  weight  of  that  volume  of  air  which  fills  the  vessel  i.*  found 

Hun  the  IVtighl  of  the  gas  4-  wt.  of  equal  vol.  of  air  =  density  of  the  gas  in 

as  a  standard. 

It  renient  for  chemical  purposes  to  take  the  rarest 

gas, — that  is,  the  least  dense  gas,  Hydrogen, — as  a  standard 
of  density,  and  then  we  say  that  the  specific  density  or  sp.  gr. 
of  1  ii  is  1,  that  of  air  14*47,  that  of  Oxygen   16,  and 

so  on. 

A  cubic  centimetre  of  Hydrogen  weighs  -0000895682 
I  cubic  cm.  of  air  weighs  (at  Paris)  '0012932  grammes 
the  freezing  point  of  water  and  at  the  barometric  pressure  of 
760  mm.  of  mercury.  A  cub.  cm.  of  the  lightest  liquid  known 
— liquefied  marsh-gas  (which  liquefies  at  —  730,5  C,  if  the  pressure 
be  raised  to  5 6  8  atmospheres) — weighs,  according  to  Wroblewski, 
0*37  gramme  ;  the  same  volume  of  water  weighs  1  gramme  at  3°*9 
more  accurately  it  weighs  1000013  standard  platinum 
grammes;  the  same  volume  of  lithium,  tho  least  dense  solid 
metal,  weighs  '5936  grammes,  and  of  hammered  platinum  weighs 
innies.  Thus  we  see  that,  bulk  for  bulk,  solid  platinum 
is  ne;  '00  times  as  deuse  as  gaseous  hydrogen. 

be  estimation  of  Vapour-density,  see  p.  359. 


jt  iiiim 
at  the 


The  States  ot  Mattei:. 

We  know  that  in  popular  language  there  are  said  to  be  1 1 
states  of  matter,  the  solid,  the  liquid,  and  the  gaseous.     ( 
observation  shows  us  that  these  merge  into  one  another,  and  that, 
in  addition  to  these,  matter  exists  in  conditions  more  recondite  ; 
thus  we  shall  have  to  pass  in  review  the  following  condition 
l.i   Rigid    solid,   (2)  soft   solid,  (3)  viscous  liquid.  (4)   mobile 
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liquid,  (5)  vapour,  (6)  critical  state,  (7)  gas,  (8)  radiant  matter. 

These  may  be  all  classified  under  the  two  heads  of  Solid  and 

Fltrid,  which  are  not,  however,  separated  from  each  other  by  any 

distinct  line  of  demarcation. 

A  perfect  solid  is  an  ideal  body  which,  when  brought  into  a 

condition  of  stress,  if  it  do  become  deformed,  becomes  deformed 

to  a  definite  extent,  and  then  retains  its  newly-acquired  bulk  or 

shape  for  an  indefinite  period  of  time,  so  long,  that  is,  as  the 

same  condition  of  stress  is  continuously  kept  up  in  it ;  thus  the 

deformation  strain 

ratio  r~? : ? or  ": =  const.      A  steel  spring  becomes 

deforming  torce       stress  r 

stretched  by  the  weight  of  a  mass  hung  upon  it :  it  is  stretched 
to  a  definite  extent,  and  it  then  retains  the  same  length  for  any 
length  of  time,  or  rather  it  appeal  to  do  so  when  we  do  not  use 
sufficiently  accurate  measurements;  if  it  did  so  perfectly,  steel 
would  be  a  perfect  solid.  A  fluid,  on  the  other  hand,  is  a  sub- 
stance which,  if  continuously  acted  upon  by  deforming  force,  con- 
tinuously yields  with  continuously  increasing  deformation;  ami 

deformation 

thus  the  ratio  -7-i 1 — 7 is  not  constant,  but  increases  with 

deforming  roroe 

the  lapse  of  time. 

The  force  so  applied  to  a  fluid  must  not  be  one  which  is  kept 
up  equably  over  its  whole  surface — in  other  words,  there  must  not 
be  a  "Hydrostatic  Stress" — but  it  must  act  more  effectively 
on  one  part  of  the  mass  of  the  fluid  than  it  does  on  another. 

A  rigid  solid  is  one  which,  when  a  stress  is  applied  to  it, 
experiences  no  deformation,  no  strain  ;  and  therefore  in  a  perfectly 
rigid  solid  the  fraction  (strain/stress)  =  0,  and  continues  so  for  an 
indefinite  period  of  time  Ifaii  Ka  an  ideal;  no  substance  is 
absolutely  rigid  ;  but  we  may  form  a  sufficient  idea  of  a  rigid 
solid  by  considering  an  anvil  on  which  a  nail  is  placed :  the 
anvil  apjH'ars  undeforined  by  the  weight  of  the  nail — it  appears 
to  be  absolutely  rigid.  There  is,  then,  no  body  absolutely  solid, 
no  substance  absolutely  rigid ;  the  bodies  which  we  call  Kigid 
Solids  are  found  to  yield,  and  to  yield  continuously  if  we  experi- 
ment upon  them  in  sufficiently  small  masses  (such  as  thin  wires), 
and  act  upon  them  with  sufficient  forces  for  adequate  periods  of 
time.  In  practice  a  body  is  said  to  be  Solid  if  its  deformation 
remain  practically  or  sensibly  constant  for  a  long  time ;  it  is  said 
to  be  Rigid  if  the  deformation  associated  with  a  given  stress  be 
eedingly  snmll,  or,  in  other  words,  if  the  fraction  (stress/strain  . 
the  Coefficient  of  Rigidity,  be  very  large.     A  soft  solid  is  one  in 
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which  the  coefficient  of  rigidity  is  very  small — that  is,  it  is  a 
solid  in  which  a  small  stress  accompanies  great  deformation.  A 
mass  of  jelly  is  very  easily  deformed ;  out  if  a  moderate  force, 
such  as  the  weight  of  a  caraway  seed  or  currant,  be  applied  to 
jelly  even  of  very  thin  consistency,  the  deformation  produced  by 
it  is  approximately  constant;  the  jelly  does  not  flow  over  the 
small  load,  and  is  therefore  a  true  solid,  though  it  is  soft 

It  would  seem  at  first  sight  rather  an  abuse  of  terms  to 
declare  that  thin  jelly  is  a  solid,  and  that  such  substances 
as  sealing-wax,  pitch,  and  cobbler's  wax  are  fluids;  yet  these 
latter  are  fluids  because  they  flow,  because  they  suffer  con- 
tinuous deformation  under  the  action  of  a  continuous  force. 
A  stick  of  sealing -wax  supported  at  its  ends  yields  con- 
tinuously to  its  own  weight ;  a  mass  of  sealing-wax  or  pitch 
will  flow  down  hill ;  a  caku  of  cobbler's  wax  of  a  definite  form 
will  soon  lose  its  sharpness  of  outline ;  a  cake  of  this  material 
placed  in  water,  with  bullets  on  it  and  corks  under  it,  will  be 
traversed  by  the  bullets  at  the  rate  of  about  a  quarter  of  an  inch 
per  month,  and  by  the  corks  at  a  somewhat  slower  rate ;  the  wax 
■  iy  flows  round  them  as  they  sink  or  rise  under  the  influence 
of  ti  i live  weights,  just  as  water  would  much  more  rapidly 

do.  These  substances  are,  then,  Fluids  ;  hut  their  flow  is  extremely 
alow,  or,  in  other  words,  their  viscosity  or  resistance  to  flow  is 
extremely  great.  Treacle  is  another  example  of  a  viscous  fluid  ; 
strong  syrup,  weak  syrup,  very  weak  syrup,  cold  water,  alcohol,  hot 
water,  ether,  arc  examples  of  liquids  whose  flow  is  successively 
more  rapid,  whose  viscosity  is  less  ;  and  the  last  mentioned  are  said 
to  Ik*  mobile  liquids,  though  perfect  mobility,  the  perfect  absence  of 
viaccr-  ii  ideal  attribute  not  possessed  by  any  actual  fluid. 

The  Coefficient  of  Viscosity. — In  Fig.  99  let  ARCD  represent    i 
one  of  Said  comprised  between  two  planes  passing  through  AB  and  CD, 
let  a  shearing  force  represented  by  arrows 
•et  OO  the  tJui'l  far  unit  of  time.     The  deforma-  0_ 
ia  &oid,goee  on  increaa- 
I  represent  a  form  assumed  through 
the  different  layers  (imagined  separate  as  in  Fig. 
25)  slipping  over  one  another,  the  lowest,  AH, 
being  relatively  at  rest     If  the  velocity  imparted 
to  each  stratum  be  pro]'  to  it«  distance 

from    AB,  the    ratios   of    their   displacements  lt%    mm,   Me/,  oo\    to    their 

.       II'      vim      nn      oc' 
rwpectire  distances,  Am,  An,  etc.,  will  be  equal  ;  i.e.,  — .  =  -j—  =  ^  ~Ao  = 

-—  -  tan  «£;  or,  m  other  words,  this  is  a  proper  Shear. 

This  slipping  of  one  imaginary  stratum  over  another  is  retarded  as  by 
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faction,  Cm  each  stratum  rahs  a  El  delayed  by  the  one  next  to  it  ; 

and  tints  the  retardation  acta  as  a  force  would  do  opposed  to  that  which  tend* 
to  produce  movement — i.e.f  to  the  shearing  force — and  it  ha*  to  he  meaau 
over  {.-wry  unit  "f  surface  over  which  the  retardation  is  eH'ec.ted.     The  -hear- 
ing force  itMlf  is  measured  as  a  force  exerted  parallel  to  the  planes  pa> 
througli  AB  and  CD  (and  therefore,  in  the  general  case,  tangential  to  the 
surfaces  of  the  dillerent  strata),  and  acting  on  each  unit  of  area  of  th 
surue 

«,.  Shearing  Fon,  F  ,«-,.. 

The  ratio  jr — jt — eT- —  =  I H  = /*»  the  Coefficient  of  Vis- 
Shear  per  unit  01  DBU       tan  <f' 

cosity.     When   <ft  =  0,  there  is  no  deformation  in  unit  of  time,  and  the 

viscosity  is  infinite  ;  when  </>  is  very  small,  the  deformation  M  very  small  in 

unit  of  time — that  is,  it  is  very  slow,  and  the  viscosity  is  very  great.     Win  n 

the  viscosity  is  very  small,  the  deformation  produced  in  unit  of  time  i*  v 

great,  or  the  obstruction  oll'wed  to  l!«>\\  i.-  very  r-niall. 

If  the  distance  AC  =  1,  and  the  displace -nu-nt  of  CD  in  unit  of  time  {i.e.. 
its  velocity)  be  also  =  1,  then  tan  </>  =  1,  and  the  shearing  force  u  equal 
te  tlsi'  i  KM  :'!'  i'-u!  oi  riflOOfttj  ;  \s  1i.im4-  the  <  '".Jficient  of  Viscosity  maybe 
measured  like  the  coefficient  of  friction,  in  terms  of  a  force — that  is,  by  "the 
tangential  force  on  the  unit  of  area  of  either  rf  two  horizontal  planes  at  the 
unit  of  distance  apart,  one  of  which  is  (relatively)  fixed,  while  tl 
moves  with  the  unit  of  foloefty,   thi    IJOjOJ  D   being  filled  with   the 

viacous  material "  (Maxwell). 

Relation    between    Rigidity  and  Viscosity. — The   measure    of 

Rigidity  in  the  ideal  jh  I,  the  ratio  of  the  deforming  Force  to  the 

Defamation  produced  by  it,  remains  constant  for  am  puiod  of  time 

during  which  the  dotioxming  force  applied  remain-'  constant,  and  this  ratio  or 

lion  j«  mdepcndenl  of  the  unit  of  time.     The  measure  of  viscosity  in  a 
lluid,  QH  the  other  hand,  is  i;  inning  fore,-  to  the  dr forma- 

tion produced  in  a  unit  of  time.      Whether  the  unit  of  time  ohi 

_    .  .    ,  _    _     _  Force  applied  x  Tine   I 

gre.n  II,  tin;  numerical  value  of  the  miction  ,,-. : j-= — -. 

a  hear  produced  in  tune  t 

lie  same.     Yet  it  is  found  that  if  an  exceedingly  small  unr 
time  be  chosen,  tie  :  of  viscosity  may  have  some  experimental  value 

different  from  that  found  when  the  unit  of  time  i>  larger.  If,  for  instance, 
Canada  balsam  be  stim-d  with  a  spatula,  it  will  bo  found  i  M.i\u«  II)  t> 
doubly  refracting.  This  shows  that  it  is  for  the  instant,  and  locally,  in  a 
condition  like  that  of  a  stretched  or  a  compressed  solid,  -aid  that,  though  it 
is  liquid  if  sufficient  time  (time  of  relaxation)  l>e  allowed  it,  yet  under  tin- 
action  of  impulsive  forces  its  coefficient  of  viscosity  is  so  high  that  it  practi- 
cally behaves  after  the  fashion  of  a  solid. 

There   is  no   substunce   perfectly  solid,  and  hence  when  an 
apparently  solid  substance  in  a  suitable  form — for  o  uce, 

tli.it  of  a  wire — is  exposed  to  a  constant  distorting  force,  though 
its   fasn   is   found   to   be  affected    to  a   OffltBU    extent    (say 
aliening  or  by   twisting),  and   it  appears  soon  to  reach   the 
its  of  its  distortion,  which  may  then  be  measured,  the  appai- 
i  igitlity  of  the  substance  being  thus  ascertainable ;  yet  in  general 
it  wiLl  be   found  that   the  prolonged  application  of  a  constant 
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e  induces  a  constant  slowly- increasing  additional  distortion, 

the  substance  then  acting  as  a  fluid  of  ex*  :ty. 

Further,    we    DOW    know    by    tlie    experience    of    manufacturing 

industry  that   1  even    iron,  when   exposed   to  sufficient 

pressure,  can  be  made  to  flow  slowly ;  and  the  operation  of  win  - 

drawing  involves  among  the  particles  of  the  metal  drawn,  as  they 

pass  through   the    aperture    in    the    plate,  a    relative    movement 

iilar  to  that  of  the  particles  of  a  flowing  fluid. 

When  the  viscosity  of  a  fluid  is  infinite,  there  is  no  difference 

between  that  fluid  and  a  rigid  solid.      It  is  supposed  by  some  that 

the  matter  at  the  centre  of  the  earth  approximates  to  this  eoiuli- 

1     the  earth   have   a  crust  about   25  or  30  miles  thick 

floating  on  a  melted  magma,  at  increasing  depths  the  pressure 

(which  near  the  centre  must  amount  to  about  45,000,000  lbs. 

nire  inch)  would  compress  the  liquid  so  much  Unit,  though 

melted,  it  would  have  a  viscosity  so  extreme  that  the  mass  would 

linve  the  same  relation  to  extraneous  forces  as  a  very  rigid  solid 

1  have.      The   earth   would,  in  consequence  of  this. 

comport  itself  as  if  it  had  a  solid  nucleus  floating  in  and  merging 

by  grail :  softness  into  a  thin  liquid  layer  on  which 

the  crust  floats.     (Osmond  Fisher.) 

.Substances  in  the  solid  and  liquid  form  are  broadly  dis- 
tinguished from  those  in  the  gaseous  condition  by  the  I 
following  characteristics.  In  the  first  place,  the  former  have  a 
free  surface,  while  the  latter  cannot  permanently  retain  a  free 
bounding  surface  independent  of  the  vessel  containing  them. 
Secondly,  solids  and  liquids  tend  (apart  from  volatilisation)  t«. 
assume  a  definite  limited  bulk  and  density;  while  gases  always 
tend  to  assume  an  infinite  volume  and  a  corresponding  I  y 
ttn&ll  density.  If  any  definite  quantity  of  a  gas  be  confined 
vithin  a  lin  it  will   always   till   that  space  and   press 

tgainst  the  sides  of  the  containing  vessel ;  and  it  will  subject 
that  vessel  to  stress  or  pressure  which  the  vessel  must  be  strong 
Dth  to  withstand.     Thus  a  gas,  with  its  tendency  to  indefinite 
sion,  has    Elasticity  of  Volume:   work   has  to  be  done 
ks  to  compr<  id  when  compressed  it  tends  to  restore 

the  work  d  in  it.      Under  ordinary  circumstances  gases  are 

prevented  from  expanding  to  an  indefinite  extent  by  the  piuuumn 
"f  the  mass  of  air  which  lies  upon   the  earth's  surface,  whieh   i- 
uda  and  pressed  upon  that  surface  by  the  attrac- 
l  which  consequently  compresses  itself  and  all 
objects  at   tin-  vith  an  "atmospheric  pressure"  of 
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about  15  lbs.  per  square  inch.  Hence  a  closed  flask  containing 
air  is  subject  to  two  equal  and  opposite  pressures,  whose  resultant 
is  nil ;  the  air  iu  the  flask  tends  to  burst  it  outwards ;  the  air 
external  to  it  tends  to  make  it  collapse :  between  the  two  pres- 
sures the  flask  has  no  need  for  strength.  If,  however,  the  air  be 
iu  any  way  extracted  from  the  flask,  the  external  pressure  will 
alone  act,  and  tin;  §uk  may  collapse.  In  a  steam  boiler  the 
internal  pressure,  the  tendency  of  the  steam  to  expand,  is  greater 
than  the  external  pressure  per  square  inch,  and  the  boiler  must 
be  of  sufficient  strength  to  provide  for  the  difference. 

The  pressure  exerted  by  a  confined  gas  is  equal  over  the 
whole  internal  surface  of  the  vessel  containing  it;  and  a  pres- 
sure equal  to  the  weight  of  a  lbs.  per  sq.  in.  exerted  on  a  piston 
forced  into  a  cylinder  of  gas  is  communicated  to  every  sq.  in. 
of  the  inner  surface  of  the  cylinder,  for  the  fate  of  the  in-moving 
piston  is  at  any  instant  a  part  of  the  inner  surface  of  the  cavity 
containing  the  gas ;  and  if  any  other  part  of  the  wall  of  the 
cavity — e.g.,  the  face  of  a  second  piston — be  at  the  same  time 
•  able  outwar ■!  EOMfl  of  internal  pressure  will  cause  it  to 

yield  If  its  area  be  the  same  as  that  of  the  in-moving  piston, 
the  out-moving  piston  would  be  acted  on  by  an  equal  total 
pressure,  and  would  move  to  exactly  the  same  extent  as  the 
in-ni' NiDg  one. 

There  is  an  apparent  paradox  in  the  statement  that  a  ring}* 
inch  piston  pressed  in  with  a  pressure  equal  to  the  weight  of 
60  lbs.  per  square  inch  will  communicate  a  pressure  of  60  lbs. 
to  ever}'  square   inch   of  a  cylinder,  however  large;  but  ther 
no  law  of  Constancy  or  Conservation  of  Force :  there  is  one  of 
Conservation   of   Energy,  which  in  this    instance    is    rigorously 
respected.     The  work  that   can  be   done   by  a   second    piston 
allowed  to  move  outwards  is  (friction  not  being  considered)  ec> 
to  that  done  by  the  compressing  piston,  whatever  be  their  respec- 
tive areas:  the  range  of  movement  and  the  area  vary  inverse 
a  smaller  second  piston  may  be  pushed  through  a  larger  space 
than  the  first,  a  larger  one  through  a  smaller  |p 


In  this  way  niuchim  ry  in;iv  bt  driven  <tt  the  distance  "f  ft  mil"- !  air  is 
«1  riven  into  a  tube  ;  at  the  other  end  of  the  tube  there  is  a  on- 

nected  with  the  tube,  and  by  the  alternating  admission  of  the  pressure  to  one 
and  the  other  face  of  a  piston  movable  in  this  cvliml-r,  tin  piston  is  caused 
to  move,  and  the  energy  is  thus  applied  at  a  distance. 

II  pressure  p  (i.c.,  p  dynes  per  sq.  cm.  of  the  bounding  surface) 
will  keep  a  certain  quantity  of  gas  within  a  space  r,  pressure 
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•and  to  be  required  to  coiifiue  witliiu  an  equal  space  twice 
as  much  gas:  pressure  xp  will  keep  x  times  the  quantity  of 
gas  witliiu  the  same  space.  The  densities  in  these  examples 
are  in  the  ratio  1  :  2  :  x,  and  the  pressures  are  proportional  to 
the  densities  (the  same  kind  of  gas  being  supposed  to  be 
used  throughout)  or  to  the  quantities  of  gas  forced  into"  a  given 
space. 

The  pressures  being  proportional  to  tho  densities  acquired  under  their 
action,  poc  p;  but  «»  «=  vp ; 

.  • .  /»  oc  m/Vf  w  }tv  ccw; 
i>r  for  mass,  pv  =  c;  or  pec  1  c,  the  uaual  form  of  Boyle's  Law. 

This  statement  may  be  otherwise  expressed   in   the   form  of 

Boyle's  law,  that  the  pressure  exercised  by  a  given  mass  of  gas 

varies  inversely  as  the   volume  of   the  space   within   which  it  is 

that  the  space  occupied  by  a  given  quantity  of  gas 

varies  inversely  as    tin-    pressure.     Thus,  if   a  quantity  of  gas 

ipving  one  cubic  foot  at  a  pressure  of  15  pounds  per  square 
inch  were  compressed  by  a  piston  forced  down  with  an  add] 
tional  pressure  of  15  lbs.  per  square  inch,  the  total  pressure 
Led  the  volume  would  be  halved  ;  if,  on  the  other 
hand,  the  pressure  were  diminished  to  half  by  the  piston  being 
pulled  out  with  a  force  equivalent  to  7-J-  lbs,  per  sq.  in.,  the 
volume  of  the  gas  contained  in  the  cylinder  would  be  doubled. 
There  are  no  perfect  gases  which  absolutely  obey  this  law  at  all 
■pentoiefl  and  pressures;  but  a  substance  at  a  temperature 
and  i    removed    from   those  at  which   it   will   be  con- 

densed into  a  liquid  appro  to  this  condition. 

Now  suppose  that  a  quantity  M  of  a  liquid  is  placed  in  a 

vessel  which  it  does  not  completely  fill,  every  other  substance,  such 

as  air,  being  removed  from  the  vessel,  which  is  then  closed.      The 

loes  not  fill  the  whole  vessel ;  it  has  a  free  Biirface.     Above 

I  free  surface  there  is  a  space,  which  becomes  filled  with  part  of 

nbstance,  volatilised  into  a  gaseous  form.     Let  the  quan- 

of  liquid  which  has  assumed  the  gaseous  form  he  represented 
by  y ;  the  remainder,  M  —  >/.  is  still  in  the  liquid  form.  The  pro- 
por;  'ilised  (?//M  of  the  whole)  depends  on  the  temperature 

as  well  as  on  the  space  which  has  to  be  filled.  At  another  tem- 
perature some  different  proportion  will  he  volatilised.  When  the 
liquid  is  heated  this  proportion  rapidly  increases.  But  as  we 
have  already  seen,  tin*  pressure  exerted  by  a  confined  gas  on  the 
vessel  containing  it  depends  directly  on  the  amount  of  it.  Hence 
in  this  case  the  pressure  exerted  rapidly  rises  as  the  temperat 
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rises.  Gas  having  this  relation  to  the  liquid  form  of  the  same 
substance,  confined  with  it  in  a  vessel  otherwise  empty,  and  in 
contact  with  it,  is  called  the  vapour  of  that  substance ;  if  it  be 
compressed  or  cooled,  it  partly  condenses  into  liquid.  Even 
though  not  in  contact  with  the  liquid,  if  the  gaseous  form  of  a 
substance  be  compressed  or  cooled  just  so  far  that  any  further 
condensation  or  cooling  will  cause  the  deposition  of  some  of  it  in 
the  liquid  form,  it  is  said  to  be  a  vapour.  In  some  cases  a 
vapour  conden.  s  directly  into  a  solid;   f.<j.,  arsenious  acid. 

The  term  Vapour  is  often  applied  in  a  wider  sense  to  the 
gaseous  form  of  a  liquid  or  solid  substance — as,  for  instance,  ether- 
vapour,  chloroform- vapour,  the  vapour  of  arsenious  acid;  and 
then  those  vapours  which  are  on  the  ]>oint  of  condensation  are 
called  saturated  vapours,  while  those  which  can  suffer  a  certain 
amount  of  compression  or  cooling  without  condensation  are  called 
unsaturated  vapours.  In  this  sense  (with  the  exception,  as 
yet,  of  pentalluoride  of  phosphorus)  all  gases  are  unsaturated 
vapours;  for  they  can  all  lie  condensed  by  the  simultaneous 
application  of  sufficient  cold  and  sufficient  pressure.  Oxygen  has 
been  condensed ;  at  a  pressure  of  300  atmospheres,  and  at  the  tem- 
perature of  —  39°  C.  (Cailletet),  there  is  no  condensation,  but 
when  the  gas  is  liberated  it  becomes  foggy ;  according  to  Pictet  it 
is  liquefied  at  320  atmospheres  and  —  140°  C. ;  and  then,  upon 
allowing  a  jet  of  this  liquid  to  escape  into  the  air,  the  escaping 
jet  of  liquid  oxygen  becomes  extremely  cold  and  is  partly  solidi- 
fied, while  the  remaining  oxygen  in  the  vessel  becomes  eluudy. 
Hydrogen  treated  according  to  Cailletet's  method  gives  a  mist, 
Pictet  evolved  it  under  a  pressure  of  G50  atmospheres  from  a 
mixture  of  formiate  and  hydrate  of  potash;  the  hydrogen,  01 
being  chilled  l.y  |  freezing  mixture  to  — 140°  C,  and  allowed  to 
issue  in  a  jet,  appeared  as  a  steel-blue  stream  of  liquid,  the  li 
reflected  from  which,  being  partly  polarised,  revealed  the  presence 
of  solid  particles  in  the  liquid,  while  the  tube  of  exit  became 
blocked  with  solid  hydrogen.  Ozone  is  with  comparative  readi- 
ness condensed  by  Cailletet's  method  to  a  bright- blue  liquid. 
The  terra  Vapour  is  used  in  still  another  sense — that  is,  a 
gas  at  such  a  temperature  that  by  the  application  of  pressure 
alone  it  can  be  condensed  into  a  liquid.  In  tills  sense  carbonic 
acid  below  30a,92  C.  is  a  vapour;  above  that  temperature  it  is 
properly  a  gas,  for  no  amount  of  pressure  alone  will  liquefy  it. 

The    Critical    State. — When   a  liquid  and  its  vapov  are 
together  in  a  tube  otherwise  unoccupied  and  are  exposed  to  heat, 
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there  arrives  a  temperature  at  which  the  singular  phen 
of  a  blending  of  the  liquid  and  gaseous  (or  vaporous)  states  is 
observed  It*  a  capillary  tube,  for  instance,  be  tilled  with  liquid 
CO,  and  slightly  heated,  some  of  the  carbonic  anhydride  will 
escape  :  the  tube  may  be  sealed  up,  Ufcd  will  then  contain  nothing 
but  liquid  CO,  and  the  saturated  vapour  of  COr  If  they  be 
heated  to  30o,92  C,  and  if  there  be  sufficient  CO,  present  to  pro- 
duce a  pressure  above  73  atmospheres,  the  free  surface  of  the 
id  Incomes  blurred  and  merges  into  the  superjacent  gas:  above 
this  temperature  the  tube  is  full  of  what  appears  to  be  notlring  but 
gas :  if  cooling  be  permitted  these  is  a  flickering  seen  in  the  tube, 
and  the  liquid  anil  the  gas  again  separate. 

Some  say  that  the  liquid  and  the  gas  mutually  dissolve  each  other  ;  otben 

Ramsay)  point  out  thnt  the  liquid  00,  rapidly  becomes  lighter,  while  the 

confined  vapour  of  C02  beoi  r,  at  higher  temperatures,  and  that  at 

critical  temperature  and  under  sufficient  pressure  these  two  states  meet 

and  become  indistinguishable. 

If  the  C0#  gas  be  exposed  to  a  temperature  above  30°*9  2  I  . 

i  be  subjected  to  any  pressure  above  73  atmospheres,  it  will 

•  be  a  gas :  allow  it  to  cool,  the  pressure   being   kept  up,  and 

will   be    a   liquid   after   it    passes    30o,92   Q ;    and  vet  the 

transition   is    mi  de.       If    pressure    and    temperature    be 

allowed    to    fall    together,   the    flickering    already   mentioned   is 

poda 

If  the  liquid  originally  fill  the  tube  and  then  be  heated  to 

&*  critical  temperature,  the  tube  becomes  filled  with  gas,  but  the 

Precise  mode  of  transition  from  the  one  state  to  the  other  cannot 

to  observed      If   the  tube  thus  containing   gaseous  COt  at  a 

pressure   be  locally  cooled,  there  is  local  condensation    and 

flicks! 

This  temperature,  S0°*92  C.  for  carbonic  acid,  is   called  the 

perature.      If  the  temperature  of  the  gas  be  above 

**"  DO  pressure  can  condense  it  into  a  liquid;  if  it  be  just 

***Iow  that  point,  a  pressure  of  73  to  75  atmospheres  is  competent 

*o  effect  its  Ugqafeotion. 

Water  filling  a  sufficiently  strong  boiler  might  be  exposed  to 
**  low  red  bed*  720°*6  C,  and  would  then  be  transformed  into  a 
*5*8  exercising  such  enormous  pressures  as  to  make  any  exp 
***ents  upon  it  excessively  difficult;  yet  it  is  known  (see  p.  858) 
|  resent  this  phenomenon  at  that  temperature. 

As  fnr  the  gases,  oxygen,  hydrogen!  and  the  like,  whose  con- 
""Witlftn  has  only  recently  been  effected,  their  critical  tempera- 
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ture  is  very  low  in  the  thermometric  scale  (oxygen, —  113°  GL, 
Wroblewski),  and  exceeding  cold  is  a  necessary  condition  of  their 
condensation  under  pressure. 

At  the  critical  temperature,  matter  under  sufficient  pressure 
is  in  the  Critical  State ;  if  heated  a  little  more  it  is  undoubtedly 
gaseous;  if  allowed  to  cool  a  little  it  is  undoubtedly  liquid,  and 
is  far  less  compressible;  and  if  the  pressure  be  kept  up  the  tran- 
sition is  unrecognisable.  By  no  optical  test  can  the  liquid  just 
below  the  critical  temperature  and  the  gas  just  above  that  tem- 
perature be  distinguished. 

U  Iwd   in  |  liquid,  rod  if  tin*  whole  be  heated  under 

sufficient  pressure  to  a  temperature  above  the  critical  point,  the  liquid  is  now 
gas,  and  yet  the  solid  remains  dissolved  in  it  (Hannay).  Iodide  of  potassium, 
for  instant*,  or  dilurophvll,  if  dissolved  in  alcohol  and  treated  in  thiB  way, 
will  remain  in  nfatfon  in  gaseous  alcohol  at  350"  C. 

There  is  thus  under  varying  pressures  perfect  Continuity  of 
the  liquid  ami  the  gaseous  state  at  all  temperatures  above  the 
critical  point;  and  this  critical  temperature  is,  in  reference  to 
each  liquid,  to  be  found  by  experiment 

When  gaseous  matter  has  been  rarefied  to  a  very  great 
degree    it   assumes    remarkable    properties,   of    which    the    m 

king  is  that  such  exceedingly  rarefied  gas  or  ultragaseous 
matter  can  be  induced — as  we  shall  see  under  Electricity,  p. 
603 — to  exercise  pressure  specially  on  localised  arete  of  the 
walls  of  the  containing  vessel,  and  by  this  concentrated  pressure 
to  produce  mechanical  and  luminous  effects  characteristic  of  the 
so-called  Radiant  Matter. 

The  Ether.  —  We  have  already  said  that,  we  can  kuow 
matter  only  by  those  of  its  properties  which  we  peraife  by 
mem  OJ  The  existence  of  any  form  of  matter  is  to 

us  only  an  inference  from  the  phenomena  t<»  which  it  gives  rise; 
and  if  a  large  group  of  phenomena  find  th«-ir  beet  or  their  only 
explanation  in  the  assumed  existence  of  a  form  of  matter  of  an 
unfamiliar  kind,  the  evidence  for  its  r-.istmco  is  of  exactly  the 
same  character  as  that  on  the  ground  of  which  wo  believe  our- 
selves entitled  to  assert  the  existence  of  any  kind  or  form  of 
matter  whatsoever.  The  phenomena  of  Lighl  an  lust  explained 
as  those  of   undulations;   but    undulations — even   in   the  most 

n-ive  use  of  the  term,  as  signifying  any  periodic  motion  or 
condition  whose  periodicity  obeys  the  laws  of  wave-motion — 
must  be  propagated  through  some  medium.  Heat  while  passing 
through  space  presents  exactly  the  same  undulatory  character  and 
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requires  a  medium  for  its  propagation.  Electrical  attraction  and 
repulsion  are  explained  in  far  the  most  satisfactory  way  by  con- 
sidering them  as  due  to  local  stresses  in  such  a  medium.  Current 
ieity  seems  due  to  a  throb  or  series  of  throbs  in  such  a 
medium  when  released  from  stress.  Magnetic  phenomena  seem 
due  to  local  whirlpools  set  up  in  such  a  medium.  And  the 
assumption  of  the  existence  of  a  single  medium,  with  properties 
of  great  simplicity,  wdl  explain  these  varied  phenomena  and  even 
co-ordinate  them  :  thus  the  erest  or  the  trough  of  a  light-wa 
a  heat-wave  is  a  point  of  maximum   displacement  or  maximum 

r tension — exactly  the  condition  of  the  medium  (faring  the  per- 
sistence of  electric  attraction  or  repulsion,  that  is,  the  Electrostatic 
condition  ;  the  middle  point  of  the  wave  is  changing  its  position 
idition  with  rapidity — exactly  the  condition  of  the  medium 
during  the  passage  of  a  current,  the  Electrokinetic  condition  ; 
thus  light  and  radiant  heat  are  explicable  as  electromagnetic 
disturbances  of  rapidly-alternating  character;  and  tin's  leads  to 
the  conclusion,  sustained  by  experiment,  that  the  velocity  of  li 
should  be  equal  to  the  rate  of  propagation  of  an  electric  disturb- 
ance through  a  medium  of  this  kind.      "We  are  Lad  to  infer,  ti 

re  is  such  .t  medium,  which  we  call  the  Luminiferous 

simply  the  Ether ;  that  it  can  convey  energy ;  that  it 

on  present  it  at  any  infant  partly  in  the  form  of  kinetic,  partly 

potential   energy;  that  it  is  therefore  capable  of  dis- 

•    and    of   exercising   pressure   or   tension;    aud   that   it 

must  have  rigidity  and  elasticity.      Calculation  leads  us  to   i 

its  density  is   936/1000,000000,000000,000000   that   ..f 

[eric  Maxwell),  or  equal  to  that  of  our  atmosphere  at  a 

i   of  about  210  miles,  a  density  vastly  greater  than  that  of 

the  same  atmosphere  in  the  interstellar  spaces ;  that  its  rigidity 

about  1/1000,000000  that  of  steel — hi  i   it  is  M 

displaceable  by  a  moving   man  ;   that  it  is  not  discontinuous  or 

granular;  and  hence  that  as  a  whole  it  may  be  compared  to  an 

palpable  and  all-pervading  jelly,   through  which    Light   and 

as  are  constantly  throbbing,  which  is  constantly  being 

set  in  rains  arid  released  from  them,  and  being  whirled  in 

local  vortices,  thus  producing  the  various  phenomena  of  Electricity 

and  Magn  and  through   which   the  particles  of  ordinary 

matter  move  freely,  encountering  but  little  retardation  if  any,  for 

its  elasticity,  as   it   closes   op    behind  each  moving  particle,  is 

vimately  pel! 

•hing  of  the  nature  of  an  air-pump  can  remove  it  from 
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any  given  space ;  the  most  perfect  vacuum  conceivable  must  be 
defined  as  a  plenum,  a  space  fully  occupied,  but  occupied  by  Ether 

alone. 

Change  of  State. — Work  must  be  done  upon  a  solid  in 
order  to  convert  it  into  ft  liquid  :  energy  must  in  some  form  be 
imparled  to  it  This  form  may  be  that  of  Heat,  directly  applied 
so  as  to  fuse  the  solid.  In  such  a  case  a  definite  amount  of  the 
energy  imparted  in  the  form  of  Heat  apparently  disappears  (see 
Latent  Heat,  p.  335)  for  it  doaa  the  mechanical  work  of  liquefying 
the  solid.  If  the  liquid  BgaiD  assume  the  solid  form,  as  in  fn-ez- 
,  the  process  is  reversed  :  the  energy  absorbed  during  liquefac- 
tion gradually  reappears  in  the  form  of  heat,  which  must  bfl 
dissipated  before  the  fi  an  become  complete. 

If  a  solid  body  simply  assume  the  liquid  form  without  having 
external  heat  or  other  energy  applied  to  it,  the  absorption  of 
some  of  the  heat  of  the  body  itself  results  in  a  cooling  of  the 
substance,  as  in  the  case  of  a  freezing  mixture,  where  certain 
chemical  salts  lx  olved  in  cold  water,  the  resultant  solution 

md  to  be  extremely  cold. 

Again,  where  two  chemical  elements  combine,  their  combina- 
tion is  generally  attended  with  heat,  the  elements  losing  th 
potential   energy  of  separation.      Tin-    supply   of  an    equivah 

-unt  of  energy  from  without  is  necessary  in  order  to  reverse 
the  process  of  combination — that  is,  to  effect  chemical  separation 
or  decomposition.  When  the  processes  of  chemical  combination 
and  liquefaction  go  on  together — the  product  of  the  combination 
ol  elements  of  which  one  or  both  are  solid  being  itself  liquid — 
the  result  may  be  that  the  cooling  effect  of  the  latter  action 
exceeds  the  heating  effect  of  the  former ;  thus,  in  the  union  of 
eatbon  nod  sulphur  to  form  carbon-disulphide,  which  is  a  liquid. 
the  absorption  of  heat  due  to  liquefaction  is  greater  ft 
evolution  of  heat  due  to  combination,  and  the  action  stops  unless 
r  1m»  supplied  from  without.  On  the  other  hand,  in  the  coin- 
hiiiation  of  quicklime  with  water  to  limn  slaked  lime,  we  find 
must  baa!  evolved — partly  due  to  the  chemical  combination, 
partly  to  the  liquid  water  assuming  a  solid  form. 

The  transformation  of  a  solid  into  a  gas,  in  a  like  mam 
involves  the  expenditure  of  heat  or  some  other  form  of  energy 
in    performing    the    mechanical    work   of   volatilisation. 
fiVapOTatel  En  a  cold   high  wind;  arsenic  trioxide  under  or<i 

atraoepheiia  pressures  is,  without  matting  rolatOiaed   by  heat, 

if  a  sufficient  pressuic  bfl  applied,  it  melts  before  volatilis- 
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i 1 1 ;_' .  Dr.  Gttnelley  Bade  that  in  a  similar  way  ice.  if  heated 
under  an  exceedingly  small  pressure,  may  be  rendered  very  hxA 
(180c  C),  and  will  volatilise  freely,  yet  without  melting,  unless 

pnenne  be  allowed  to  exceed  a  certain  low  maximum,  widen 
he  calls  the  Critical  Pressure,  this  being  very  low  for  water,  very 
high  for  arsenic  trioxide.  A  sheet  of  metal  may  be  dissipated 
in  vapour  by  an  electric  discharge,  part  of  the  energy  of  which 
become   spent   in  p  this   nnchanical   effect      Again,  in 

chemical  combination  we  often  see  the  conversion  of  solids  into 
gases.  Carbon  and  oxygen  combine  to  form  carbon  monoxide; 
of  the  heat  which  is  evolved  by  the  union  of  the  elements,  a  large 
part  is  absorbed  in  rendering  the  solid  carbon  gaseous.  If  the  <<  > 
produced  be  in  its  turn  burned  so  as  to  form  C02,  none  of  the 
heat  of  combination  of  oxygen  and  carbon-monoxide  is  absorbed 
ig  mechanical  work  of  tins  kind,  and  the  amount  of  heat 
evolved  in  the  second  stage  of  the  production  of  CO,  is  greatei 

i  that  evolved  in  the  first.  Conversely,  where  two  gases 
produce  a  solid,  as  chlorine  and  sulphuretted  hydrogen  do,  the 
amount  of  heat  liberated  is  determined  not  only  by  the  amount 
rgy  absorbed  in  decomposing  H2S,  and  by  the  amount 
liberated  by  the  onion  of  II,  and  Clff  but  also  by  the  fact  ti 
the  sulphur  is  deposited  in  the  solid  form. 

It  a  liquid  were  e\}>osed  to  an  indefinite  and  perfect  vacuum,  it 
would  evaporate  at  once  at  any  temperature  above  the  absolute  zero. 
If  it  be  exposed  to  an  imperfect  vacuum,  it  will  still  evapoi. 
readily,  but  not  so  readily  as  before,  for  its  vapour  must  be 
able  to  fbtoe  its  way  from  the  liquid  and  against  the  superiu- 
nbenft  pressure.  If  the  pressure  be  great,  the  amount  of  heat 
which  must  be  applied  to  the  liquid  in  order  to  enable  it  to  over- 
come this  resistance  and  to  enter  into  ebullition  is  also  greater, 
it  of  a  liquid  increases  with  the  pressure. 

pposed  heated  in  a  vessel  provided  with  ■  pfatu 
means  of  which  pressure  am  be  Bcarefaud  on  the  content*  of  the  vessel  ;  tlu- 
veaael  being  supposed  of  any  sufficient  length.  The  liquid  is  heated  and 
converted  into  vapour  ;  the  vapour  forces  out  the  piston,  and  the  external 
air  pushes  it  in  ;  the  piston  rests  when  the  external  and  internal  pressures 
are  equal.     If  we  press  home  the  piston,  the  vapour  ia  pertly  <  t" 

retain  it  in  the  gaseous  form  we  must  *iniultniie..iidy  apply  a  stronger  heat. 
This  process  may  be  supposed  continued  till  at  a  certain   hijh  temporal 

tjeal  temperate  I  great  pressure  we  have  tin  tie 

liqu  ated,  and  its  vapour  compressed  into  the  same  space  as  the 

i    id.     If  expansion  he  altogether  prevented,  this  process  is  con- 
tinuous,  and  rature  at  which  water  can  be  wholl)  converted  into 

rapoor  under  such  circumstances  is  7 20*  "6  C. 
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I.iijuiils  urc,  as  a  rale,  more  bulky  than  the  corresponding  solids  ;  hence 
fusion,  which  involves  expansion,  obeys  the  same  law  as  evaporation,  wl 
also  involves  expansion  ;  it  is  hindered  by  pressure,  and  the  fusing  point, 
like  the  boiling  point,  is  raised  by  pressure.  A  few  liquids — water,  east-iron 
— are  denier  than  their  solids.  In  such  a  case,  an  increase  of  pressure  may 
be  said  to  pred  particles  to  set    into  the  more  compact  and  denser 

form,  the  liquid  form,  and  fusion  is  facilitated  by  pressure.    Thus  the  melting 
point  of  ice  is  lowered,  that  of  most  other  solids  raised,  by  pressure. 

Change  of  state  involves,  then,  either  an  absorption  or  a 
liberation  of  energy ;  and  the  amount  of  energy  which  must  be 
supplied  to  a  tody  in  Odder  tu  enable  it  to  undergo  a  change  of 
state  depends  on  the  pressure  which  tends  to  resist  or  to  favour 
such  a  change,  as  well  as  on  the  intrinsic  energy  which  it  already 
possesses. 

There  is  no  known  means  of  effecting  any  transformation  of 
matter  in  any  of  its  ordinary  forms  into  the  Ether,  or  vice  vcrsd. 


Tiik  Constitution  of  Matter. 

The  question  as  to  whether  Matter  is  or  is  not  infinitely 
divisible  has  been  made  the  basis  of  much  acute  speculation  ;  but 
it  is  oidy  within  this  century  that  any  serious  proof  has  been 
adduced  in  favour  of  an  Atomic  Theory,  or  theory  according  to 
which  matter  is  considered  as  made  up  of  indivisible  parti*  I 
According  to  this  view,  matter  consists  of  particles  or  atoms,  each 
of  which  it  is  impossible  with  our  present  appliances  to  divide, 
aii'l    iht*   division  of  which,  if  it  were  possible,   would   probably 

ilt  in  the  subversion  of  our  ideas  as   to  the  apparently  funda- 
mental nature  of  some  of  the  properties  of  matter. 

Chemical  Views. — The  probability  of  this  atomistic  \i<\\ 
was  raised  almost  to  the  rank  of  certainty  by  the  researches  of 
successive  chemical  investigators.  It  was  first  found  that  as  a 
rule  every  definite  chemical  substance  in  a  state  of  purity  had 
always  the  same  constitution  ;  that  an  analysis  effected  for  one 
pun;  sample  of,  say,  oxido  of  lead,  was  applicable  to  every  other 
pure  sample  of  the  same  substance.  Heucc  the  law  of  Fixity  of 
Proportions  in  chemical  compounds. 

it  was  remarked  that  the  same  substances  often  unite  in 
different  proportions  to  form  compounds  possessed  of  essentially 
different  properties.  Carbon  and  oxygen  thus  unite  to  form  two 
w.ll-known  compounds,  of  which  th<  ige  compositions  are 

respectively : — 


Carbon  . 
Oxygen  . 


Analytical  results  tabulated  in  this  way  are  not  wry  instructive; 
but  if  the  second  example  be  multiplied  by  42*85/27*27  we  find 
the  respective  ratios  to  become 

Carbon  .      .     .     4285  }  ,     Carbon  .     .     .     42*85. 

Oxygen  .     .     .     5714  )  Oxygen .     .     .   114*28. 


or  in  round  num 

!  bon  . 

3 

Carbon  .     . 

.      3. 

Oxygen  .      .     . 

4 

Oxygen  . 

.     8. 

re  we  find  that  the  same  quantity  of  carbon,  united  in  tin'  one 
compound  (carbon-monoxide)  with  a  certain  quantity  of  oxygen 
is  in  the  other  (carbonic  anhydride)  united  with  twice  the  quan- 
tity of  that  element.  From  a  large  number  of  instances  of  this 
kind  was  evolved  the  Law  of  Multiple  Proportions — that  the 
same  substances  may  form  a  series  of  different  compounds 
uniting  in  several  fixed  proportions  which  bear  a  whole-number 
ratio  to  each  other.  Nitrogen  and  oxygen  thus  form  five  com- 
pounds, in  which  the  nitrogen  and  oxygen  are  present  in  the 
respective  ratios  of  14  :  8,  14  :  1G,  14  :  24,  14  :  32.  14  :  40  ;  and 
in  this  case  the  quantities  of  oxygen,  united  with  a  fixed  quantity 
(14)  of  nitrogen,  hear  to  one  another  the  relative  ratios  of 
1:2:3:4:5.  Iron  has  two  oxides,  in  which  the  iron  aud  the 
oxygen  bear  to  one  another  the  respective  ratios  of  28  :  16  and 
28:24;  here  the  quantities  of  oxygen,  united  with  the  same 
quantity  of  iron,  bear  to  other  the  ratio  2  :  3. 

Then,  further,  the  law  of  Chemical  Equivalence  was  formu- 
lated. '  iMinical  quantities,  which  are  equivalent  to  the  same  thing 
is  regards  power  of  doing  chemical  work  or  forming  chemical 
compounds,  are  equivalent  to  one  another.  One  part  by  weight  of 
hydrogen  will  eouihine  with  eight  of  oxygen  (7*98 16  5  ± "00 175); 
to  will  108  parts  of  silver  (107*896).  108  pta  of  silver  and  1 
of  hydrogen  are  mutually  equivalent,  for  they  can  both  do  tin* 
lame  chemical  work — they  can  enter  into  combination  with  8 
pta  of  oxygen ;  and  they  arc  both  equivalent  to  the  8  pts. 
of  oxygen  with  which  they  can  combine.  If  now  it  he  found 
that  1  pt  by  wt.  of  hydrogen  can  combine  with  36*6  (35478) 
pta  by  wt.  of  chlorine,  then  the  law  asserts  that  the  equivalent 
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quantity,  108  pts.,  of  silver  should  also,  in  its  turn,  be  able  to 
combine  with  an  equal  quantity,  35'5  pts.,  of  chlorine.  This  law- 
is  a  generalisation,  based  upon  facts  determined  by  the  aid  of  the 
balance  and  independent  of  theory  ;  and  this  law  of  equivalence, 
so  based,  though  it  be  too  sweeping  a  generalisation  to  be  now  a< 
cepted  in  its  full  sense,  yet  did  useful  service  in  its  day  in  enabling 
tables  of  Equivalent  Numbers  or  of  Combining  Proportion*  to  be 
drawn  up,  and  a  system  of  Chemical  Formula:  to  be  devised,  based 
upon  these  equivalents.  According  to  this  system,  the  composition 
of  water  was  symbolised  as  HO  j  this  symbol  might  be  read  in 
ids  as — one  equivalent  of  hydrogen  and  one  of  oxygen  united  to 
form  0&6  equivalent  of  water.  The  symbol  of  hydrogen  peroxide 
was  H02;  one  equivalent  (1  pt.  by  wt.)  of  hydrogen  combined 
with  two  equivalents  C2  x  8  =  16  pts.  by  wt)  of  oxygen. 

When  such  facts  as  these  were  known,  a  reasoned  explana- 
tion of  them  was  sought.  None  that  offered  was  so  plausible  as 
I  "alton's  atomic  theory,  a  revival  of  the  old  hypothesis  of  Leucip- 
pus,  Democritus,  and  Lucretius,  that  matter  consists  of  atoms, 
coupled  with  the  proposition  that  the  atoms  of  the  differ 
•  •1- incuts  have  dillerent  relative  weights.  According  to  this  view 
the  smallest  mass  of  water  must  consist  of  an  atom  of  hydrogen 
and  another  of  oxygen,  their  relative  atomic  weights  being  1  and 
8  ;  and  these  are  connected  as  one  might  couple  together  a  bull 
of  v.  i   one  of  lead.     More  complex  substances  were  pro- 

(I  by  the  union  of  a  greater  number  of  such  atoms — as. 
instance,  HOfl  N06,  (K<),  110),  etc.;  and  the  symbolic  formula* 
uvie   thin  used  to  denote  the  relative  number  of  such   atoms 
entering  into  the  formation  of  GOBipouud  substances. 

But  it  was  found  that  the  system  of  formula?  based  upon  the 
facts  of  equivalence  did  not  work  well  when  made  to  signify  tin 
relative  numUjrs  of  atoms  united  to  form  a  compound.  Tl 
equivalent  number  fa  carbon  was  6,  because  that  quantity  of 
carbon  was  equivalent  (in  carbonic  oxide)  to  8  of  oxygen,  which 
quantity  was  in  its  turn  equivalent  to  the  standard  unity  of 
hydrogen.       In  marsh  gas  6  pts.  by  wt.  of  carbon  are  found  to  be 

ibined  with  2  of  hydrogen — u..,  with  two  equivalents;   hi  \ 
the  formula,  according  to  this  system,  must  be  CHr      It  is  known, 
hnwvver,  that  one-fourth  of  the  hydrogen  can  be  replaced  by  half 
an  equivalent  (17 J   pts.  by  wt)   of  chlorine,  forming   OHuCfl 
an  expression   intelligible  though   cumbrous  when  read  in   the 
language  of  equivalents,  hut  absurd  when   read   in   terms   of  | 

.lie  theory.      This  last  formula  had  accordingly  to  be  modified 
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to  CfH8Cl;  and  then  the  original  marsh  gas  had  to  be  supposed 
invariable  to  outer  into  reactions  as  2CH3,  or  else  its  formula 
must  be  moditi.  .1  l.i  Qfi^  She  latter  is  the  more  natural  sup- 
position. It  was  pointed  out  (Gerhaidt)  that  throughout  the 
whole  of  the  chemistry  of  the  carbon  compounds  similar  reason- 
ing shows  that  if  the  atomic  weight  of  carbon  be  6,  the  atoms 
always  appear  in  reactions  in  even  numbers ;  whence  the  infer- 
ence is  obvious  that  the  at  wt.  of  carbon  must  be  12,  and  the 
proper  formula  of  marsh  gas  is  CH  .  In  a  similar  way  it  wil 
u  that  the  assumption  that  the  atomic  weight  of  oxygen,  as 
•.'11  u  u-  equivalent  number,  is  8,  leads  to  the  invariable  appear- 
ance of  Og,  or  of  an  even  number  of  oxygen  atoms  in  every  equa- 
tion ;  whence  the  atomic  weight  of  oxygen  must  be  16  ;  and  the 
Atomistic  formula  for  water,  as  distinguished  from  the  Equivalence- 
formula,  must  be  H20.  The  atomistic  formulae  now  in  use  do 
not  directly  make  use  of  the  idea  of  equivalence :  they  denote 
the  number  of  atoms  of  whieh  the  Molecule — a  fruitful  idea,  due 
alro — is  made  up.  The  symbol  H^O,  for  instance,  sig- 
nifies a  molecule  of  water,  made  up  of  two  atoms  of  hydrogen  (at. 
wt.=  l)  and  one  of  oxygen  (at.  wt.  =  16).  When  attention  was 
i  directed  to  this  mode  of  representation,  it  was  found  to  be 
entirely  in  accord  with  the  half- forgotten  researches  of  Gay  Lussac 
on  the  relative  volumes  of  gases  which  enter  into  combination. 
He  had  Hound  that  one  volume  (say  1  cubic  cm.)  of  oxygen  and 
two  (2  cub.  cm.)  of  hydrogen  unite  to  form  two  volumes  (2  cub. 
cm.)  of  wat-  ii.     The  atomistic  equation,  on  the  other  hand, 

is  0  +  2H  s  H.0  ;  that  is,  one  atom  of  oxygen  unites  with  two 
atoms  of  hydrogen  to  form  a  molecule  of  water.  These  two  state- 
ments are  closely  parallel ;  and  the.  molecule  H20  formed  occupies 
in  the  state  of  water-vapour  the  same  space  as  the  original  two 
atoms  of  hydros 

ailarlv  it  had  been  found  that  the  electric  spark  decom- 
posed 2  c.c.  NH3  into  1  c.c.  N  and  3  c.c.  H.      The  equation  is 


NH3 
One  molec. 

=        N           +          Ha 
One  atom.        Three  atoms. 

2  c.c 

1  c.c.                   3  c.c. 

Here  again   the   molecule  of  die  compound,  NH3,  occupies  the 
same  space  as  two  atoms  of  hydrogen, 

So  forth  ;  the  general  rule  ii  that  the  molecule  of  any  com- 
pound in  the  gaseous  state  occupies  the  same  space  as  two  atoms 
of  free  hydrogen. 

Q 
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Hence  we  may  provisionally  establish  a  general  rule,  subject   to  excep- 
tions further  to  appear  : — If  in  a  chemical  equation  relating  to  gases  we  write 
complete  molecule,  ami  M  1  VoV  undec  i-very  atom  of 
ring  into  nr  n-fulting  from   the  motion  in  the  free  rtote, 
rB  the  relative  volumes  of  the  gases  coiicerneil  in  tin-  rBMttoP.      Tims, 
if  alcohol-vapour  be  burncl  in  oxygen. 

Alcohol-vapour.  Oxygen.        Carbouic  an  hydride.         Water-flMIIC 


C.H.0 

+        60 

2C02 

+        <i  H.fl. 

Qm  i  i  i  •  ■  i  •  -  ■  ■  i  i  1  •  - . 

Six  atoms. 

Two  molecules. 

Three  molecules. 

2  vols. 

6  vols. 

4  vols. 

6  vols. 

Tims  a  system  of  equations  based  on  the  atomic  theory  is  found 
readily  to  give  important  information  beyond  what  it  was  deogi 
to  give.     This  lends  probability  to  tlie  system. 

The  Molecule  of  a  compound  substance  is  the  smallest  mass 
that  can  exist  in  the  free  state.  If  we  could  break  up  a  molecule 
we  would  sever  it  into  its  constituent  atoms — as  HC1  into  H  and 
CI — but  we  would  destroy  the  substance  on  which  we  operated, 
as  such.  A  molecule  of  hydrochloric  acid  contains  2,  on*.- 
protoplasm  from  700  to  1000  atoms. 

What  is   the   condition  of  elemental?  substances   in  the  free 
state?     Here  such  equations  as  the  following  come  to  our  aid: — 
CuH  +  HCl  =  ru<:i  +  mi. 
Ag20  + 11,0,  =  Ag2  +  00  +  H20 ; 

and  we  learn  that  the  molecule,  even  of  an  elementary  Bnbstanoe, 
consists  uf  two  atoms,  and  we  Bad  by  experiment  that  it  OQCIipi 
like  the  Compound  molecules  already  discussed,  the  same  space  as 
two  atoms — i.e.,  one  molecule — of  hydrogen,    All  molecules,  simple 
as  well  as  compound,  are  thus  seen  each  to  occupy  the 
and   conversely,  the  same  space  must  be  occupied   by  an   equal 
number  of  molecules  of  whatever  kind   they  be.      This  is  the  ex- 
tremely important  law  known  by  the  name  of  Awogadro.      All 
gases   (at   the   same   temperature  and   pressure)   consi 
within  equal  volumes,  of  equal  numbers  of  moleoulea, 
This  is  a  general  law,  and   its  direct  consequence  is  that  the 
specific  gravity  of  every  gas,  at  a  given  fcemperatttre  and  prootu 
as  compared  with  that  of  hydrogen  under  the  same  condition! 
the  relative  weight  of  a  molecule  of  the  gas  as  compared  with  the 
molecular  weight  (=2)  of  hydrogen.     Tims  the  molecular  wejghl 
of  alcohol,  ' '  11, < »,  Ka  24  4-  b  +  lb'  =  46  ;  that  of  hydrogen  = 
the  single  mol<  ■  alcohol  it  twenty-three  times  as  heavy  as 

that  of  hydrogen,  and  accordingly  the  density  of  aloonol-TOpou  is 
twenty-three  times  that  of  hydrogen,  other  things — temperature 

and  pi.  ssim — being  equal 
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There  art?  some  a]  xceptions.     Mercury- vapour  which,  if  two 

Banned  Lta  noli  i  1  have  a  molecular  weight  of  -ioo  and  asp.  gr. 

of  200,  baa  a  sp.  gr.  of  onlj    LOOj  henoe   ttl   niolea  wt.  (twice  il 
only  200,  ami  it*  molecule  contains  only  "i"-  atom.     Cadmium  ami  dap  have 
also  monatomic   molccides  when   in   tin-  state  of  vapour.     Phosphorus  and 
arsenic  vapours  have,  on  the  Other  hand,  ui  p.  gr. ;  that  of  phos- 

phorus is  62,  and  its  molec  wt  must  be  124,  but  its  at.  wt.  is  only  31 ; 
in  molecule  must  contaii  ms>     The  molecule  of  arsenic  is  also 

I  tmic,  while  that  of  ozone  is  triatomie. 

Hence,  to  provide  fr.r  these  exceptional  instances,  we  most  revise  the  rule 
provisionally  laid  down,  and  adjust  it  as  follows  :  To  find  the  relative  volumes 
of  gases  entering  or  Leaving  a  reaction,  modify  the  equation,  ho  that  it  repre- 
sents no  free  gaseous  atoms,  but  lite  gaseous  molecules  ;  then  under 
gaseous  molecule  write  "  1  vol."     Thus — 


+           0 

1 1.0 

+            Oj 

2HJ). 

Two  molecs. 

I  )ne  molee. 

Two  molecs. 

2 

■. 

+               1    vol. 

■          2  v<'ls. 

Ufi 

+ 

60 

100.       + 

tfLO 

becomes  C^H^O 

+ 

30a 

■_'«  i »:     + 

3H20. 

■lee. 

Three  molecs. 

Two  molecs.     Tli 

re«-  inoleea 

1    Vol. 

+ 

9  ■•               = 

2  vols.        + 

a  v.j-. 

Again,  il> 

'p6       + 

IOC 

-    QtfA 

+        I0CO        + 

4P 

JCaPjjO^       +        IOC      =      CoyPjOg 


1000 
10 


+       »!r 

One  motte. 

1  vol. 


Another  order  of  nted  in  caseB  of  Dissociation  or 

The rmolysis.  When  NH,C1  i-:  volatilised,  its  vapour  has  half  the  sp.  gr.  in- 
dicated by  the  abon  ber  words,  it  twke  the  theovfttioal 
volume.  This  is  because  a  molecule  of  NH4C1  is  in  reality  split  up  into 
separate  molecules  of  NH3  and  J1C1  [which  may  be  partly  separated  by  diffu- 
*ion),  each  of  which  occupies  the  whole  space  thut  the  original  single  molecule 
would  have  been  able  to  fill  if  it  had  not  been  decomposed  by  the  heat 
applied.  Similarly,  a  molecule  of  calomel  volatilised  occupies  twice  its  normal 
t  instead  of  a  tingle  molecule  of  Hg.,Cla  we  have,  as  the  result  of 
dbsociat  L  and  another  molecule,  complete  (though 
monatomi'-,  ..f  mcrenry,  each  of  these  independently  taking  up  as 
much  ajwice  i  :  ii  it-  bad  art  bean 
decern]*  irent  exci  wogadro's  law  is  tlius  • 
firti 

pan   this   basis   has   b  ted   the   modern   science   of 

Chemistry,  one  of  the  leading  auxiliary  ideas  in  winch  is  that  of 
the  Atomicity  of  an  atom — the  number  nt  atoms  of  hydrogen  wlii.h 
tax  atom  of  any  substance  in  combine  with  or  replace. 

i>'thei  the  ipocia]   manner  of  thought  and  expression  of  parti- 
cular chemists  be  or  be  not  adopted,  the  theoretical  chemist  can 
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hardly  express  himself  without  making  some  use  of  the  well-kin »\vu 
Graphic  Formula-  by  means  of  which  the  relations  of  the  atoms  in  a 
molecule  may  he  indit  ated  at  L      Yet  this  mode  of  repre- 

sentation is  sadly  deficient,  although  exceedingly  useful  and  sug- 
gestive. It  gives  a  factitious  representation  in  one  plane  of  a 
statical  condition  of  the  molecule :  it  does  not  account  for  the 
energy  possessed  hy  a  molecule  in  virtue  of  any  one  arrangement 
of  its  atoms,  as  compared  with  that  possessed  by  a  molecule  of  an 
isomeric  compound  in  virtue  of  another  disposition  of  atoms  of 
the  same  kind  and  number  ;  and,  indeed,  it  scarcely  touches  as 
yet  at  any  point  the  physical  molecule  or  atom  with  which  perfect 
knowledge  would  presumably  show  it  to  be  identical  Still  the 
attempt  is  being  made  to  bridge  over  the  gap — as,  for  example,  by 
the  researches  of  Le  Bel  and  Van't  II  such  relations 

as  those  between  symmetry  of  the  molecule,  as  in  the  case  of  propi' 

OH, 

i 
onic  acid,  H-C-H,  and  the  absence  of  rotary  power  as  affecting  the 

COOH 
plane  of  polarisation,  on  the  one  hand,  and  on  the  other  between 
graphic  l  y  of  the  molecule,  as  in  the  case  of  lactic  acid, 

CH, 

i 
HO-C— H,  and   the  possession  of  this  rotary  power.      But,  on  the 

COOH 

whole,  Chemistry  and  Physics,  which  should  be  parts  of  one 
dynamical  science  of  D  jj,  are  still  separated  by  a 

wide  gap,  and  one  great  stride  which  the  Science  of  the  future 
has  to  take  is  th.v  ; oilating  the  theories  of  the  physical  and 

the  chemical  molecules,  and  thereby  bridging  over  this  gull. 

Physical  Vxewa — Physicists  have  been  obliged,  independ- 
ently of  chemists,  to  develop  mechanical  theories  of  the  molecule 
or  the  atom,  as  they  have  Indifferently  termed  it  That  such  a 
thing  does  exist  is  manifest  to  them  on  several  grounds.  Not  to 
speak  of  compressibility  and  porosity  of  matter  as  showing  that  it 
does  not  entirely  till  space,  we  learn  from  Cauchy's  investigations 
that  if  light  l>e  a  wave-motion,  there  would  be  no  dispersion,  no 
prismatic  colours  of  the  spectrum,  if  the  glass  of  the  disp« ■: 
prism  were  continuous  or  were  of  a  granular  structure  with  inde- 
finitely small  grains.  According  to  him,  matter  must  be  distinctly 
L'lnniilar,  whether  it  be  discontinuous  or  not,  and  its  granulat inns- 
must  not   be   greatly  Um    in    diameter  than  about  |000ft  °f  the 
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wave-length  of  the  shortest  wave  of  light — if.,  about  ■*„,, ,,', ,,,„,, 
mm.,  or  nlwmt  soooioooo  'ncn-     Sir  William  Thomson  finds 

there  must  be  from  200  to  GOO  molecules  in  one  wave-length. 
He  alsn  flndfl  by  bu  EHeetrometer  that  plates  of  copper  and  zinc 
exert  a  certain  measurable  attractive  force  upon  one  another.  An 
indefinite  Dumber  of  plates  would  multiply  this  attraction  to  an 
indefinite  amount;  and  if  such  plates  were  allowed  to  come  together, 
the  heat  given  out  and  representing  their  potential  energy  of  sepa- 
ration would  be  indefinite,  end  they  would  combine  after  the. 
nianiier  of  gunpowder.  The  energy  observed  to  be  given  out  in 
the  form  of  heat  during  the  formation  of  brass  by  the  fusion 
together  of  copper  and  zinc  is  not  indefinite :  it  corresponds  to 

i.utual  attraction  of  a  number  of  plates  not  more  numerous 
than  100,000000  to  the  millimetre.  Hence  copper  and  zinc 
could  not  be  made  into  plates  thinner  than  this,  and  plates  of 
this  tenuity  would  be  only  one  molecule  thick.  A  soap  film  can- 
not be  stretched  beyond  a  certain   thickness   without  volatilising 

r  than  yielding  to  lain  usion  at  the  same  temperature 

this  limit  appears  to  be  reached  when  a  thickness  of  1  1 00,000000 
mm.  has  been  attained.      Further,  considerations  den/rod  from  the 

\C  theory  of  gases  lead  to  the  Conclusion  that  a  cubic  cm.  of 
solid  or  liquid  contains  a  numl^r  of  molecules  which,  though 
exceedingly  large,  is  limited  ;  end  the  distance  between  thi 
quantity  of  the  same  order  as  those  above  mentioned.  From 
these  considerations  Sir  William  Thomson  concludes — Thomson 
and  Tait,  Natural  Philosophy,  vol.   i.  part  2.  A  pp.  F.  1883,  and 

re,  July  1883  (which  see  specially) — that  if  a  globe  of 
the  size  of  a  football  (16  cm.  diar.)  were  magnified  to  the  size  of 
the  earth,  the  molecules  or  granules   would  each   occupy  spaces 
greater  than  those  filled  by  small  shot,  less  than  those  occupied 
by  f 

Hut  this  tells  u>  nothing  about  the  nature  of  the  atoms  or 
molecules.  It  would  at  first  sight  be  natural  to  conceive  them  M 
hard  balls,  but  tliis  would  not  explain  their  elasticity  and  mutual 

a  :  Faraday  regarded  them  as  "centres  of  force;"  Macquorn 
Rankine  as  nuclei,  each  surrounded  by  an  atmosphere  in  which 
there  are  whorls  and  currents  of  a  complicated  character. 

The  most  interesting  hypothesis  is  that  of  Sir  William  Thom- 
I'oses  eacli  of  matter  to  be  a  Vortex-ring  in  the 

BTSa]   Ether.      The  ether  itself  we  do  not  directly  perceive; 
hypothesis   would  render  our  perception  of  matter  B 

f  exactly  the  same  order  as  that  of  light  or  radiant 
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beat,  viz.,  a  perception  of  Matter  as  n  Mode  of  Motion  of  the 
Ether. 

It  one  look  at  a  smoke-ring  blown  from  a  cannon,  from  a 
locomotive -engine  chimney,  bom  a  tobacco-pipe,  the  lips  of  a 
smoker,  or  from  nn  exploded  bubble  of  phosphurcttcd  hydrogen,  it 
will  he  seen  that  the  whole  of  the  matter  of  the  ring  is  in  a  state 
of  rotation  round  an  axis  disposed  in  a  circular  form,  and  having 
no  free  ends.  This  is  a  Vortex-King ;  and  such  is  that  motion  in 
the  ether  which  is  supposed  to  constitute  a  vortex-atom.  A 
rotating  ring  of  this  kind  in  an  imperfect  fluid  such  as  air  must 
be  the  result  of  friction  ;  but  in  a  perfect  fluid  it  could  only 
originate  by  a  special  creation  of  some  kind.  Such  a  vortex-atom 
in  a  perfect  fluid  would  have  the  following  properties;  it,  OOtdd 
move  about  in  the  fluid  ;  its  volume  would  be  invariable ;  it  would 
be  indestructible ;  if  struck  by  another  it  would  be  indivisible,  but 
i  present  perfect  elasticity,  far  though  for  the  moment  dis- 
torted, it  would  recoil  and  oscillate  through  its  mean  form:  it 
would  thus  be  capable  of  harmonic  vibration,  as  the  spectroscope 
shows  the  particles  of  matter  to  be  ;  it  would  be  capable  of  changes 
of  form,  becoming  narrow  and  thick,  or  wide  aud  thin ;  and  it  is 
practically  the  only  form  of  motion  in  the  other  which  could 
remain  in  or  near  the  same  mean  position,  B&d  at  tin*  same  time  In- 
capable of  being  compounded  with  movements  of  translation.  This 
kind  of  atomic  structure  would  also  account  for  what  Tolver 
Preston  calls  the  open  structure  of  matter,  which  allows  light. 
electric  and  magnetic  stresses,  and  the  action  of  gravity,  to  be 
transmitted  through  it.  These  properties  Of  the  vortex-ring  ex- 
plain well  many  of  the  observed  properties  of  matter ;  but  know- 
ledge falls  short,  for  we  not  only  have  the  chemical  atom  and 
atomicity,  but  also  physical  muss  and  gravitation  to  explain 
before  we  can  form  any  full  theory  of  the  inner  structure  of  the 

Molecule. 

The  Kinetic  Theory. — The  next  question  is,  Do  these  mole- 
cules remain  at  the  same  spot,  rotating  round  it,  or  oscillating  in  its 
\  amity?  or  have  they,  in  addition  to  whatever  intrinsic    mi 

may  be  possessed  of,  a  motion  of  Translation  ?     Tie    | 
mena  of  Diffusion  help  us  to  arrive  at  a  conclusion  on  this  su 
If  a  solution  of  a  coloured  salt  be  placed  in  a  vessel,  and  a  I 
of  a  colourless  solution  be  laid   upon   the   coloured  stratum,  the 
whole  being  left  at  rest  for  some  weeks  and  protected  from   all 
disturbance,  the  plane  of  demarcation  between  the  strata  bocomei 
blurred,  the  strata  ultimately  mix,  and  the  solution  becomes  uniform. 


THE  KINETIC  THEORY. 

This  can  only  occur  through  a  gradual  travelling  of  the  coloured 
Bolntion  into  the  colourless  one,  and  vtM  versd. 

Again,  it'  a  jar  of  hydrogen  and  a  jar  of  oxygen  be  brought 
Into  communication  with  one  another,  even  though  the  former  be 
uppermost,  the  gases  will  perfectly  mix  in  a  short  time.  This 
shows  that  the  hydrogen  rapidly  travels  into  the  oxygen,  and  v-ice 
vend.  The  particles  of  matter,  therefore,  cannot  be  at  rest,  but 
ui ust  be  in  perpetual  relative  motion;  and  this  is  the  Kinetic 
Matter. 

Chemical  analogy  also  illustrates  this  position.     If  steam  be  passed  over 
re«l-hot  i  iron  takes  the  oxygen,  and  hydrogen  posses  off  ;  if, 

!,  hydrogen  he  passed   OTSI  DKfdfl  of  iron,  it  forms  water- 
vapoiir,  an-l  i  hind.     These  actions,  apparently 

TV,  are  explained  thos  :  There  is  a  molecular  agitation  mi 
I  process  of  decomposition  and  recomposition  of  chemical  molecules; 
the  chemical  atom!?  of  DXXB,  oxygen,  and  hydrogen  are  constantly  changing 
it  partners  and  forming  new  moleeuke;  and  in  tin.  tir.-t  instance  any  mole- 
cub*  of  hydrogen,  in  the  second  any  molecules  of  steam,  that  happen  to  be 
formed  are  carried  off  in  the  current  of  gas  which  passes  through  the  appar- 
atus. The  particles  even  of  one  and  the  same  substance  appear  to  be  in  this 
ceaselessly  restless  state  of  dMOmpofftian  and  r  km:  when  the  sub- 

stance is  heated,  the  molecules  arc  easily  broken  up,  but  arc  not  so  easily 
formed  again,  whence  we  have  the  pftenamana  of  Thermolysis  or  Dissociation ; 
but  even  at  ordinary  temperatures  the  atoms  associated  within  the  molecules 
break  asunder,  and  must  hut  seldom  happen  to  meet  each  other  again.  Agita- 
tion and  break-up  thus  occurring  within  the  molecules  are  incomjiatible  with 
and  must  nece.varily  be  associated  with  violent  transitory  movements 
of  the  whole  molecules. 

In  a  gas,  then,  we  must  figure  to  ourselves  a  very  large  number 
of  physical  atoms,  moving  about  with  great  velocity,  striking  one 
another  and  the  sides  of  the  containing  vesseL  Then  the  energy 
of  any  given  quantity  ->f  gas,  so  far  as  that  is  due  to  movements 
of  transition,  will  depend  on  the  aggregate  mass  m  mid  on  the 
mean  velocity  V  ;  and  it  will  be  JmV* 

This  menu  v.  i  geometrical  mean  of  all  the  individual  velo«  I 

If  we  consider  a  cube  of  unit-volume,  filled  with   any  gas,  and   tulo-   ;uiv 
one  internal  face  of  it;  that  faire,  whose  aiva  most  bfl  unity,  b  struck  by  pnr- 
•  travelling  with  an  average  velocity  &  in  a  direction  at  right  anglea  to 
that  face,  or  having  an  average  component  of  velocity  =  zi  in  that  direction, 
and  having  tii'  torn.    Thia  momanttUDg  wttb 

which  the  pan  ill  during  a   unit  of  time,  must    be  equal  to 

the  the  vessel  pel  unit  of  area  ;*   th.- 

•  This  momentum  would  be  lost  to  the  gas  within  the  cubo  were  tho  (articles 
convoying  it  iiot  prevented  by  the  counter- pressure  >>[  tho  w»U  from  escaping: 
tliu  Ion  —  tin  rhlcfa  it  would  have  been  effected   hi  the  Rate  of  Change 

of  Momentum  {im«  p.  l  luring  that  time. 
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pressure  p  exerted  on  unit-n:  walls  of  the  vessel  by  the  gaa  is  there- 

fore equal  to  the  momentum  of  the  particles  impinging  on  n  unit-area  of  the 
wall  in  the  course  of  a  unit  of  time.  But  what  is  the  amount  of  thi*  momen- 
tum ?  It  is  the  product  >»f  lli.-  immW-r  of  particles  which  strike  the  unit-area 
Miill  in  a  unit  of  time  into  the  average  momentum  "T  im.1i. 

1.  The  number  of  the  striking  particles — 

If  the  gas  contain  N  particle*  per  unit  of  volume,  and  if  these 
move  towards  the  wall  struck  by  them  witli  an  average  rate  u 
per  second,  the  number  of  particles  whirli  munt  strike  the  unit- 
area  wall  in  a  unit  of  time  ia  Nrf. 

2.  The  average  momentum  of  each— 

The  mass  M  of  each  particle  is  the  same  ;    the  average  velocity  is 

H;  the  average  momentum  <>f  each  particle  is  Mm. 

The  momentum  with  which  the  wall  is  struck  is  thu*  XkMm-  per  unit  of 

area  ;  and  thiu  =  ^,  the  pcetaon  on  the  wall   \ht  unit  of  area.      Hut  the  cube 

ia  one  of  unit-volume,  its  volume  r=l  ;  the  aggregate  mass  of  the  gas  ia 

NM  =  r/i  =  p  ;  whence  p  =  pti2. 

Next,  what  is  the  average  velocity  u  in  any  one  direction  t  The  average 
velocity  V  (which  does  not  depend  on  direction)  is,  if  resolved  into  compon- 
ents ft,  v,  w,  at  right  angles  to  one  another, 

V=  v/b'+j'  +  w*. 

But  fi,  ?,  w  are  equal  to  one  another,  for  there  is  no  difference  between 
one  direction  and  another  in  respect  of  velocity:  whence, 

V  -  v/.^,  andfi=  JX*J3. 

Therefore  the  pressure  per  unit  of  area  is  y  =  p&*  —  pV*/3  ;  and  consequently 

whatever  l»-  the  volume  r,  thi   pioduct  pv  =  pvY*f3  =  raVf/3  =  £  (JmV*)  =  j 

aggregate  molecular-trnmdational  kinetic  energy  of  the  gus  whose  man 
m  is  confined  within  volume  t». 

We  know  th.it  at  the  saim   l.-iu]H.-rature  the  pressure  is  equal  in  all  g.. 
in  equal  volume*  of  different  gases  the  product  pv  must  be  the  same  ;    and 
hence  the  aggregate  molecular  kin.ti.    energy  of  translation  ( =  %pv)*  must 
at  the  same  temperature  be  equal  in  equal  volumes  of  all  gases. 

If  two  gases  have  the  same  Temperature,  the  particles  have  the  same 
mean  molecular  energy  (JMV*)  of  translation.  This  is  a  hypothesis;  but 
if  it  were  otherwise,  two  gases  at  the  same  temperature  would  change  in 
temperature  when  mixed  ;  fur  their  average  molecular  energy  until  I  I  iome 
equalised  throughout. 

If  the  aggregate  kin.ti-  ->n  (JmV*)   be  equal   in   equal 

volume*  of  two  gases,  and  if  at  the  same  time  the  molecular  energy  of  the 
molecules  of  each  be  equal  (their  temperatures  being  equal),  it  follows  that 
the  number  of  molecules  must  be  equal  in  the  BQJMkl  volumes  of  the  two 
gases,  and  hence  Awogadro'a  Law  is  true  in  the  physical  as  well  as  in  the 
al  sen*e,  being  a  direct  deduction  from  the  kinetic  theory. 

•   We  here  assume  the  absence  of  interrualecular  forces.     If  t!..  .  '.,  in- 

dependent of  collisions,  the  molecular  Kinetic  Energy  =  |/n>  +  42(Rr)  (Clausula),  where 
the  last  expression  (the  "  Viriul  " )  ia  half  the  sum — a  sum  which  for  given  value* 
of  p  snd  c  retains  an  appreciably  constant  value— of  the  products  of  the  mutual 
distances  r  of  every  pair  of  pafftk2m  into  the  corresponding  mutual  attractive 
force  R. 
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If  there  be  two  gases  whose  respective  densities  at  equal  temperatures 
and  pressures  are  p  and  p,  A  Wl  t  I3.1t  fchate  QBQfrttsJ  DM 

are  divided  imong  e<jual  numta-rs  of  iadeenk'<  :    hence  the  mass  of  each 
single  molecule  must  Of  ned  to  the  density  of  It*  gas  ;  for  if  M  and 

M#  be  the  respective  masses  of  single   molecules  of  the   respective  gases, 
M=  I  Sl(  =  nr  N  ;  whence  If  :M^s  '-p'-p,. 

Thus   the  Molecular    Kinetic  Theory  of  Gases   explains   the 
pressure  on  the  sides  of  the  vessel  containing  a  gas:  it  explains 
tendency  of  gases  to  indefinite  expansion :   it  explains  Heat 
as  the  energy  of  molecular  agitation ;  equality  of  temperature  as 
i.dity  of  the  mean  energy  of  agitation  ill  the  several  molecules. 
It  also  arrives  at  Awogadro's  law,  and  explains  the  numerical 
identity  of   ratio    existing    between   the    relative   weights    of  the 
en]  kinds  of  molecules  and  the  specific  densities  of  the  corre- 
sponding aggregate  gases. 

The  equation  J>  =  ,>\':  3  given  above  yields  V  =  </ty/p,  by  means  of 
,  the  mean  velocity  of  movement  of  the  ]>article»  of  any  ga«s  may 
be  found.  Thus  for  hydrogn  p,  the  pressure,  is  equal  to  the.  Wtljght  of  nay 
76  cm.  of  mercury  (density  -  1  •'$ -."» : •«. ,  ot  to  1033.3  gtma-maei  noting 
on  every  square  cm.  Hut  tin-  weight  of  10333  gTSM.  i»  ««/;  10333 
grms.  x  081  cm.  *=  1013CG7-3   dynes.     Again,  /•,   ri  pan, 

is  "0000890682  grammes  per  cubic  cm.     Hence    N/3/»  p=  184260  cm.  or 
1842*6  metres  per  second,  the  average  velocity  of  the  paitiolfll  of  hydrogen. 

ll.uce  also  the  mean  velocities  of  gases  vary  inversely  as  v//> ;  or,  which 
is  on  etjii  tatement,  the  metn  velocities  of  the  panicle  of  ^a*es  vary 

inversely  as  lb  POOl  "f  the  molecular  weight :    wlieiuv  ow^m-atoms 

have  one -fourth  t1  v  of  hydrogen-atoms  became  they  are  sixi 

times  as  heav  ia  the  law  governing  the  relative  speed  with  which 

the  omponents  of  a  gaseous  mixture  will  travel   through  a  mem- 

brane. 

The  kinetic  theory  also  informs  us  that  when  we  double  the 
which  move  in  a  given  space  with  a  given 
mean  velocity  we  double  the  number  of  molecules  which  strike 
the  walls,  and  accordingly  we  doable  the  pressure;  or  in  other 
words,  the  pressure  varies  directly  as  the  density  of  a  given 
quantity  of  gas,  this  being  another  form  of  Boyle's  Law. 

also  tolls  us  that  if  we  mix  a  particles  of  one  gas,  b 
particles  of  anoth*  1,  of  a  third,  and  so  on,  the  average  kinetic 
energy  df  all  the  particles  being  the  same,  or  soon  becoming 
equalised,  the  pressure  produced  by  the  a  molecules  of  the  first 
gas  is  proportional  to  their  number,  the  pressure  produced  by  the 
second  gas  is  proportional  to  b,  and  so  forth;  or  in  other  words, 
that  in  a  mixture  *A'  gases  the  pressure  produced  by  each  com- 
ponent Of  the  mixture   is   independent   of  the   rest,  and  depends 
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only  on  the  amount  of  such  component  which  is  present  in  the 
mixture  (Dalton's  Law). 

Again,  when  the  temperature  is  increased,  the  energy  of  the 
particles  is  increased ;  each  particle  strikes  both  oftener  and 
harder;    the    pressure   experienced    by  the  walls   of   the   vessel 

chore  varies  as  the  square  of  the  velocity,  and  is  proportional 
to  the  molecular  energy  of  the  particle — that  is,  to  the  ab>ulutc, 
amount  of  heat-energy  possessed  by  it.  Tin's  it"  the  volume  be 
kept  constant;  but  if  the  pressure  be  kept  constant  and  the 
volume  allowed  to  increase,  then  the  volume  varies  as  the 
"absolute  temperature"  (sec  p.  880),  (Charles's  Law,  often 
rated  to  Gay 

The  kinetic  theory  of  gases  also  explains  how  it  is  that  when 
a  stream  of  gas  passes  through  air,  its  progress  is  retarded  by 
"viscosity;"  rapuHy-moving  particles  of  the  gas  travel  laterally 
into  the  air;  slowly-moving  particles  of  the  air  travel  into  the 
gas,  and  thus  its  progress  is  hampered.  Similarly  the  \  i 
of  a  gas  will  bring  to  rest  a  current  set  up  within  its  own 
substance ;  but  this  viscosity  is  independent  of  the  density  in 
gases. 

theory  also  explains  the  conduction  of  heat  in  gases; 
rapidly- moving   particles   by  collision   part  with   some  of   th 
energy  to  others,  which    in   their  turn   enter  into   collision  with 
those   beyond   them:   and  we  have  already  seen   it   explain    the 
diffusion 

Tin-  mutual  intpAd  «.t"  <l.i>Tir  -oli.l  paiticlM  WOOU  necessarily  result  in 
Ehi  ultimate  ImMfinmatlan  of  the  whok  tmn.-liition.il  em  jj  of 

\ilirutimi  j    tlmt  of  vurtrx-ringa  K0BH  10   imj^l v  BO  Mich  rvMiilt.      The  1-: 
•earns,  therefore,  the  preferable  form  of  the  kinetic  tlin.ry  of  matter,  although 

Domplatai 

These  molecules,  thus  travelling  with  such  great  velocities 
and  entering  into  a  practically  infinite  number  of  collisions  with 

another  (in  hydrogen  177">0  millions  per  second),  can  never 
travel  very  far  in  an  undisturbed  path.  At  the  ordinary  tem- 
perature and  pressure  the  mean  free  path  of  the  moleonh  - 
hydrogen,  which  have  the  longest  trajectory,  seems  to  be  about 
20000  rnr»-  "r  a  tenth  part  of  the  average  length  of  |  wave  of 
light  (Maxwell);  -j-q-J^^  mm.  (Crookes).  The  diameter  of  H 
eules  is  not  the  same  in  the  case  of  all  elements,  but  is  on  the 
average  about  rooo^oooo  mm*  TbaB  the  smallest  virifah 
organic  particle  (fjfojs  i"1"-  diar.)  will  contain  about  30,000,000 
atoms,  which  may  be  arranged  in  about  40,000  molecules.     The 
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number    oj    molecules    in    a   cubic    cm.    at    the    ordinary    tom- 
aturc    and    pressure    is    ahout     19,000000,000000,000000 
11),    1000,000000,000000,000000  (Crookes),  not  more 
6000,000000,000000,000000  (Sir  AY.  Th-mson).* 

anmbfln  are  arrived  at  hy  ttflfng  a  proposition  formulated  by 
CUusius,  that 

8  x  ftve  path  of  e  m  Whole  space  filled  by  the  moleeolei 

Diameter  of  each  molecule  Their  real  aggregate  volume 

From  this  the  real  aggregate  volume,  which  does  not  differ  very  widely  from 
that  of  the  corresponding  liquid,  is  found,  and,  if  divided  by  the  cubic  space 
;  led  by  each  molecule,  .^ivca  the  number  of  molecules. 

When  gas  is  rarefied  the  number  of  molecules  in  a  given 
space  is  diminished.  Let  us  suppose  that  the  rarefaction  is 
carried  on  so  far  that  only  one  particle  out  of  every  original 
million  is  left  in  the  space  exhausted.  The  pressure  is  one- 
mi!  li  d  its  original  amount:  hut  any  molecule  once  in 
has  one-millionth  its  former  chance  of  encountering  any 
uolecule,  and  consequently  its  average  free-path  is  magnified 
I  The  mean  path  would  then  be  (Crookes)  10A00 
mm.  x  1,000,000  =  100  mm.,  or  about  4  inches.  By  means 
-prengel  pump  exhaustion  to  the  hundred-millionth  of 
an  ttmosph  ined,  and  the  mean  free-path  of  the 
gas  so  rarefied  would  be  about  33  feet.  In  our  atmosphere  at  a 
heri'jht  of  '1 10  miles  the  single  molecules  are  relatively  so  few 
(1000  to  the  cubic  cm.),  that  each  molecule  might  travel  through 
a  uniform  atmosphere  of  that  density  for  60,000,000  miles  with- 
out entering  into  collision ;  beyond  a  height  ft*  :>00  miles  the 
atmosphere  is  so  rare  (less  than  one  molecule  per  cubic  foot)  that 

particles  might  freely  travel  through  such  an  atmosphere 
fall]  :ed   star  to  another;    while   in   the  fields  of  space,  at 

distances  practically  infinite  from  the  earth  or  any  other  star,  the 
number  of  cubic  miles  containing  a  single  molecule  would  be 
represented  by  the  figure  L  followed  by  314  cyphers. 

ri  up  t<>  as  an  extraordinary  view  «>f  the  aitnxe  of  our  atmos- 

\\>-   must, — though   tin    process  cannot  be  rapid,  for  each  particle 

risiiig  from  Uie  earth  is  retarded  >  and  falls  back  towards  the  earth, — 

•  While  there  is  DO  confusion  as  to  the  principles  at  <li*- 

on  in  active  progress  as  to  the  numerical  detail*  ;  ami  the  reader  who  withes  to 
the  subject  fully  is  recommended  atttnl  DM  all  the  articles  by  Prof. 

Maxwell  [Eneyclop.  Britann. ;   Nature j   HtttoB.  Maa.;  Tram.  Roy.  Socidua 
and  Etiin,,  CamMda  ■■:),  :«"<!  by  Dr.  Crookes  ( Transaction*  and 

Roy.  S>-  lie  can  get  access,  together  with  the  liter- 

ataxe  tow!  reference. 
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i' irticlee  uf  liiti  ^'t-n  aii-1  mxv^i  iia«  we.aredni|^;fe«l  tlm»UKh 

space,  and    Wfl   may   constantly  be   picking  Dp  new  one*.      If  we   entered 

in  vrhiofa  then  were  no  ptrticlei  fii  bo  make  up  tna  losses,  it 

would  be  n  Llteieitillg  question  how  short  a  time  would  IQfftot  altogether 

to  ih'imvc  di  of  our  atmosphere. 

The  rej^ion  of  space  through  which  the  earth  is  at  present  travelling 
contains  nu  m-  vapour  with  ethyl-hydride  and  other  nle> .hoi -deriva- 

tives. 

Thus  our  ideas  on  the  subject  of  the  constitution  of  matter 
have  undergone  a  profound  modification.  Matter  is  discontinuous 
in  the  highest  degree,  for  it  consists  of  separate  particles  or  mole- 
cules which  are  mutually  non-interpenetrable ;  the  special  pro- 
perties of  the  different  states  of  matter  depend  on  the  numb 
molecules  which  are  contained  within  a  given  space,  as  well  as 
"ii  the  energy  of  movement  which  is  possessed  by  each  ;  aud  each 
particle  is  susceptible  not  only  of  translation  as  a  whole,  but  also 
of  vibration  or  rotation,  and  may  besides  be  in  a  state  of  vortex- 
ni'iiiim,  Upon  the  continuance  of  which  its  continued  existence 
may  depend. 

Molecular  Forces. 

QithertO  we  have  conducted  our  reasoning  on  the  impli-d 
assumption  that  the  molecules  had  no  mutual  action,  and  we 
have  arrived  at  results  such  as  Boyle's  law,  Daltou's  law,  and 
others,  which  we  have  deduced  from  theory.  Now  we  must  con- 
firm our  theory  by  reference  to  facts,  aud  we  find  this  assumption 
overruled  by  such  material  discrepancies  as  the  following;  Boyle's 
law,  though  obeyed  on  the  whole,  is  disobeyed  by  every  gas 
when  the  pressure  is  so  high  or  the  temperature  so  low  that  con- 
densation is  not  far  off:  this  departure,  though  not  extensive,  is 
Bgnifli  '  All  gases  just  about  to  become  condensed  are,  except 
in  the  single  case  of  hydrogen,  more  easily  compressed  than  the 
law  would  indicate.  Dalton's  law  is  departed  from  by  a  mixture 
I860  <  n'ldensible  with  difficulty :  sueh  a  mixture  is  found  to 
be  even  less  condensible  than  the  component  gases,  and  the 
critical  temperature  is  lowered.  Charles's  law  is  not  obeyed 
tliroughout  the  whole  range  of  experimental  pressures  and 
temperatures;  at  a  high  pressure  any  increment  of  heat  pro. 
a  dispr«  ;  <dy  largo  innviuent  of  pifssure. 

In  fact,  gases  obey  these  laws  only  when   their  pressure  is 
feeble  and  their  temperature  at  the  same  time  high  above 
the  critical   temperature — that   is,  when   the   nu  are  com- 

paratively far   from  one  another.      At  ordinary  temperatures  and 
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pressures  the  particles  do  affect  one  another  not  merely  by  mutual 
impact  or  mutual  gravitation,  but  also  by  mutual  actions  or 
molecular  forces  effectively  coming  into  play  when  the  particles 
exceedingly  small  distances  from  one  another.  When  the 
pressure  is  small,  the   free  path   is  compa.  i    the 

molecules  are  mutually  removed  from  each  other's  intluence:  and 
the  higher  the  rate  at  which  the  particles  are  moving,  the  less 
will  be  the  proportionate  effect  of  the  molecular  forces ;  or  in 
other  words,  the  higher  the  temperature  the  less  appreciable  will 
be  the  effect  of  intermolecular  action. 

When  a  gas  is  being  compressed  into  a  liquid  we  know  that 

be  first  place,  in  all  _  sept  hydrogen,  the  particles  are 

attracted  slightly  towards  one  another,  and  also  that  there  is  on 

the  other  hand  a  practical  repulsion  from  one  another  caused  by 

energetic    movement.       We    further    find,    however,    that 

li  the  particles  become  approximated  with  relative  ease  while 

liquefaction  is  approaching,  yet  when  the  liquid  slate  lias  been 

.■.trained,  and  even  before  it  has  been  attained,  repulsion  take:,  the 

of  attraction;  the  liquid   when    formed    often  a  rein? 
enormous  resistance  to  compression.     This  is  well  seen  in   I  In- 
case of  carbonic  anhydride  merging  insensibly  from  the  gaseous 

i he  liquid  state;  just  before  ceasing  to  be  a  gas  it  ifl 
compressible,  just  after  becoming  a  liquid   it  is  relatively  very 
slightly  so. 

Air  obey*  Boyle's  law  precisely,  ujuI  the  air-nuinom.n  r  i>  tliirefore 
correct  at  a  pressure  of  200  itmotpliani ;  below  that  pressure  the  volume  is 
in  <J  we,  it  is  i&  excess  (Andrew*). 

In  liquids  the  molecules  are  within  the  spheres  of  one  an- 
:ion.  This  accounts  for  the  viscosity  of  all.  even  of  the 
mobile  liquids:  the  particles  detain  one  another  1 . v  their 
mutual  attraction,  and  a  Bowing  liquid  i.s  thus  hindered  in  its 
flow  by  molecular  friction.  Molecular  action  also  accounts  for 
the  fact  that  a  stream  of  liquid  has  a  certain  tenacity  and  will  not 
v  break:  such  is  the  condition  of  a  stream  of  liquid  in  a 
■a.  Again.it  explains  why,  under  ordinary  (nrcnmatancf 
effects  of  molecular  attraction  ere  ly  manifest  in  liquids 

only  at  the  surface,  and  in  the  form  of  Surfnee-Tcnsion.      In  the 

ior  of  a  mass  of  lluid  each  particle  U  free  bo  adjust  it.s  i 
position  under  the   influence  of  the  surrounding 
mean  position  which  it  assumes   is  that  in  which  it  is  acted  on 
equally  on   all   sides,  and  there  is  then  nothing  to  render  the 

At    the    suit  liquid   01888, 
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liowever,  if  it  l>e  a  free  surface,  the  particles  can  only  be  acted 
iij mil  by  others  lying  internal  to  them.  The  result  is,  as  is  shown 
in  Kg,  100,  a  system  of  forces  acting  at  right  augles  to  the  free 

surface  of  the  fluid,  and  tending  to 
f  reduce  that  free  surface  to  the  least 
possible  area.  We  may,  indeed,  con- 
j  \\  sider  a  drop  of  water  as  consisting  of  a 
quantity  <>f  water  enclosed  in  a  super- 
ficial skin  of  water  which  is  under 
tension,  and  whose  particles  attract  one 
another  into  the  least  possible  s\\\ 
ficial  ana;  and  since  of  all  surfaces 
the  sphere  has  the  greatest  content 
for  the  least  area,  the  superficial  Him  may  be  said  to  mould  the 
drop  to  the  spherical  form,  which  in  the  case  of  falling  min- 
is approximately  perfect,  as  is  shown  by  the  rainbow.  To 
these  surface-tensions  are  also  due  the  important  phenomena  of 
Capillarity. 

Many  of  the  properties  of  solids  arc  also  due  to  molecular 
forces.  Such  are  toughness,  hardness,  ami  the  like,  which  may 
l)e  grouped  under  the  generic  name  Strength  of  Materials; 
these  depending  probably,  in  part  at  least,  mi  the  proximity  of  the 
particles  to  one  another.  The  molecular  pooping  of  molecules  is 
also  very  important,  though  very  little  can  be  said  about  it ;  but 
upon  it  depend  not  only  the  crystalline  or  amorphous  condition  of 
a  substance  and  in  part  its  strength,  but  also  that  stable  or  un- 
stable equilibrium  upon  which  the  phenomena  of  elasticity  or  the 
properties  of  such  things  as  Rupert's  drops  depend.  These  last 
consist  of  little  masses  of  fused  glass  dropped  into  cold  water ;  the 

de  is  suddenly  chilled  and  solidified  while  the  intent 
in  a  state  of  fusion.      Tim  internal  mass  has  to  accommodate  i 
as  it  best  can  to  the  din  ■»!'  th>    outer  skin  ;  it  does  so 

under  tension,  but  the  moment  that  the  relations  are  disturbed  by 
breaking  off  the  narrow  end,  or  even  by  the  t  scratch,  the 

whole  flies  to  powder:  it  is  in  a  state  of  unstable  equilibrium,  and 
slightest  displacement  precipitates  I  downfall  of  the  wlmle 
arrangement  In  the  same  way  the  slightest  scratch  in  the 
interior  of  a  large  glass  tube,  especially  if  it  have  local  variations 
Of  thickness, — even  such  a  scratch  as  is  produced  by  the  fall  of  a 
crystal  of  quartz  or  a  rub  with  the  end  of  a  iron  wire. — will  i 
shiver  the  tube;  for  which  rooeOB  no  rough  treatment  should  be 
internally  applied   to  such   tubes   with   any   metal   harder   than 
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copper.  This  state  of  internal  tension  accounts  for  the  danger  in 
the  use  of  cast-iron  in  structures. 

Many  solid  masses  have,  however,  their  particles  so  arranged 
as  to  form  conservative  systems,  which  tend  to  restore  any  work 
done  on  them,  and  consequently  are  in  stable  molecular  equili- 
brium ;  the  details  of  the  molecular  grouping  are  unknown,  but  in 
a  perfectly  elastic  body,  or  practically  in  any  solid  body  within 
its  Limits  of  Elasticity,  any  displacement  among  the  molecules 
produces  a  restitution-pressure  equal  and  opposite  to  the  distorting 
force  or  stress ;  and  it  is  observed  that,  as  a  general  rule,  the  dis- 
tortion is  proportional  to  the  distorting  force  (Ut  tensio  sicut  vis, 
"  Hooke's  Law  "),  and  hence  the  restitution-pressure  is  proportional 
to  the  distortion.  This  elasticity  may  in  solids  be  observed  more 
or  less  perfectly  to  obtain,  whether  the  distortion  be  that  of  form 
or  of  volume ;  while  liquids  have  elasticity  of  volume  alone,  never 
of  form. 

To  the  same  order  of  Molecular  Forces  must  be  attributed  the 
effects  of  Cohesion  between  masses  or  particles  of  the  same  sub- 
stance, and  of  Adhesion  between  those  of  different  substances ; 
and  also  the  phenomena  of  Chemical  Affinity,  the  potential 
energy  of  chemical  separation,  and  the  liberation  of  energy  attend- 
ant on  chemical  combination. 
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The  special  properties  of  solids  are  due  to  the  relative  contiguity 
of  their  molecules.  Their  delinite  free  surface  is  due  to  the  mutual 
attraction  of  their  molecules,  uud  is  retained  in  virtue  of  the 
same  forces  which  in  the  aggregate  manifest  themselves  as  causes 
of  cohesion,  tenacity,  etc.,  and  the  result  of  which  is  that  a  solid 
can  persist  under  the  action  of  a  stress  not  evenly  applied — that 
is,  of  a  stress  which  is  not  hydrostatic. 

Cohesion  is  the  mutual  attraction  of  the  particles  of  a  solid 
i   r  one  another,  and  is  measured  by  fibfl  amount  of  force  which 

i-»t  be  applied  iu  order  to  overcome  it.  The  term  cohesion  is 
generally  applied  to  the  mutual  attraction  of  particles  of  the  same 
substance,  adhesion  to  that  of  different  substances.  When  two 
pieces  of  white-hot  iron  or  platinum  are  brought  in  contact  they 
cohere  by  welding.  When  a  piece  of  silver  and  a  piece  of  plati- 
num are  brought  in  contact  at  500°  C.  they  adhere.  If  metals  in 
the  state  of  dust  lie  mixed  and  exposed  to  a  pressure  of  7000 

iiospberes  they  will  form  a  firm  metallic  mass,  and  will  even 
combine  and  form  an  alloy.  Even  sulphides  and  ratnidl 
thus  be  formed ;  for  pressure  promotes  contact.  I  '••hesiou  is 
man  if.  st  ed  by  two  surfaces  of  glass,  which,  it"  ground  exceedingly 
smooth  and  placed  in  contact,  will  cohere,  firmly;  and  the  well- 
known  Barton's  cubes  are  little  cubes  of  metal  polished  so  smoothly 
that.  mi  ition  causes  them  to  cohere,  the  force  of  cohesion 

being  so  great  that  a  string  of  a  dozen  may  be  supported  in 
the  air  by  this  mutual  attraction  alone.  Common  graphite  is 
ground  to  powder  and  purified  by  boiling  with  nitric  acid  and 
chlorate  of  potash:  it  is  then  washed  and  dried;  the  powder  is 
placed  m  I  mould  md  SXpOaed  to  extreme  pressure  produced  by 
a  hydraulic  press ;  after  compression  the  black  powder  is  found 
to  have  been  converted  into  a  solid  mass  of  coherent  peaaQ- 
graphite,  which  may  be  sawn  into  strips  and  used  for  pencils.      If 
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a  leaden   bullet  be  cut  into   two  with  a  sharp  and  heavy  knife, 

the  two  halves  will  cohere  firmly  if  pressed  together  by  their 

es. 

Hardness — Softness.  —  A  body  is  said  to  be  harder  than 

another  when  it  can  he  used  to  scratch  the  latter  but  cannot  be 

scratched  by  it.      In  this  sense  the  diamond  is  the  hardest  of  all 

solids.     The  scratching  body  must  not  have  too  sharp  a  point,  for 

this  would  prove  a  pin  to  be  harder  thau  glass,  whir . h  ia  not  the 

case.      Hardness  is  a  property  that  cannot  I  red.      All  that 

we  can  do  is  to  make  up  a  list  of  substances   in   their  relative 

order  of  hardness,  and  to  express  the  hardness  of  any  particular 

stating  its  place  in  that  series.     The  standard  series, 

due  to  Mold,  is  the  following : — 

1.  Green  laminated  Talc.  2.  Crystallised  Gypsum.  3. 
parent  Calespnr.  4.  Crystalline  Fluorspar.  5.  Transparent 
Lpatite.  6.  Pearly  cleavable  Felspar  (Adularia.)  7.  Trans- 
parent Quartz.  8.  Transparent  Topaz.  9.  Cleavable  Sapphire. 
10.  Diamond.  Flint  scratches  quartz  with  difficulty,  but  is  easily 
ed  by  topaz:  hence  its  hardness  is  set  down  as  7*25  on  this 
rbitrary  scale.  The  rapidity  of  movement  of  the  attacking  sub- 
stance is  a  matter  of  practical  importance  :  thus  the  sand-blast  (a 
of  sand  rapidly  blown  from  a  tube)  is  capable  of  Dotting 
3Ugh  rocks  and  even  through  steel  with  relatively  great  rapidity ; 
nd  the  same  result  is  seen  in  the  mechanical  operation  of  filing. 
Mr.  Edison  finds  that  platinum  wire  may  be  rendered  as  hard 
steel  pianoforte  wire  by  heating  in  vacuo,  keeping  up  the 
racuum,  and  gradually  increasing  the  U  ire,     The  particles- 

of  platinum  have  all  air  removed  from  their  interstices,  ami  they 
cohere  very  firmly  by  welding. 

Hardness — Fragility. — This  is  a  distinct  use  of  the  word 

Hardness.     In  this  sense  the  diamond  possesses  little  hardness, 

if  struck  a  blow  with  a  hammer  it  flies  t<>  pieces. 

Malleability,  the  property  of  yielding  to  the  hammer  without 

breaking  at  the  edges. — Hold  can   be  hammered  out  into  leaves- 

extremely  thin.      A  half  square-inch  of  gold   of  the  thickness  of 

Jet  i    is  hammered  out  to  81  square  inches;  each  square 

i**ch  of  this   thin   sheet  is  again   hammered  out    into  81   sqiim.- 

1  inches,  of  which  each  one  is  in  its  turn  again  hammered  out  to 

^  1-  inches.      Antimony,  on   the  other  hand,  Hies  to  powder  at  the 

fi-^st  blow  of  the  hamui 

Plasticity.-  olidfl  can  be  moulded,  as  lead  in  a  bullet- 
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Ductility. — Some  metals  can  be  drawn  through  fine  apertures 
in  a  draw-plate,  and  wires  can  thus  be  formed :  other  metals  are 
incapable  of  this,  for  they  snap.  The  order  of  ductility  is — 
Gold,  Silver,  Platinum,  Iron,  Coj.p.'r,  Palladium,  Aluminium,  Zinc, 
Tin,  Lnd.  rial iuum  wires  of  exceeding  tenuity,  such  as  are 
adapted  to  tin-  eye-pieces  of  micioseopei  fin  DUCTOXaetEio  work,  B N 
made  by  constructing  a  thick  silver  bar  with  a  thin  platinum  core, 
drawing  this  out  to  an  extreme  fineness,  and  dissolving  off  the 
silver  by  steeping  the  drawn  win  IB  nitric  acid. 

Extensibility — Inextensibility. — Some  substances  can,  like 
indiarubber,  be  extended  greatly  by  the  application  of  a  stretch- 
ing force  :  others,  like  baked  clay,  very  little.  The  ratio  of  the 
extension  produced  to  the  extending  force  is  the  "extensibility  ;" 
the  former  being  measured  l»y  the  ratio  of  the  increase  in  length 
to  the  original  length. 

The  general  rule  is  that  a  wire  made  of  any  substance,  the  area  of  whose 
transverse  section  is  i  square  cm.,  ami  whose  length  is  I  cm.,  suffers,  whan 
stretched  by  a  force  of  F  dynes,  an  absolute  elongation  r,  which  is  (1)  propor- 
tional to  the  length  of  the  wire,  (2)  proportional  to  the  stretching  force  applied, 
(3)  inversely  proportional  to  the  transverse  Motion  ty  and  (4)  prapaMiflBd  feO 
ft  special  coefficient  E,  the  Coefficient  of  ExN  n.-ililitv,  n  small  fraction,  which 
must  be  ditftfmJmd  experimentally  for  each  substance.     Thus  e  «  E.F//#. 

Tlie  following  coefficients  of   extensibility   (reduced   to   <  '.<  I 
measures)  are  given  partly  on  the  authority  of  Unwin,  partly  on 
that  of  Wertheirn.     A  rod  of  each  substance  whose  transverse 
section  is  1  square  cm.  is  stretched  by  a  force  of  one  dyne. 

The  proportionate  extensions  (measuring  the  coefficients  of 
extensibility)  are,  in  the  respective  cast- 

Cast  Steel  tempered,  one  (2520,000000  x  981)th  of  the  whole  length. 


Wrought  Iron 
Copper     .     . 
Wood       .     . 
Leather  .... 
Fresh  bone  . 
Tendon  .... 
Nerves    .... 
Living  muscle  at  rest 
Arteries       .      .     . 


(9000,000000  -  981)th 

(1050,000000  x981)th 

(10,000000  x  981  )th 

(1 75,000  x$81)th 

(23u,iG6000  x  981)th 

(16,341,000  *  981  )th 

(1,890,000  x  981  )th 

(95,000  x  98  l)th 

(5,200  x  981)th 

What  weight  would  be  necessary  in  order  fa)  double  the  length  of  a  piece 
of  steel  bolt  1  sq.  cm.  in  sectional  area,  if  the  strain  could  beofhoted  without 
rupture  1  The  elongation  <r  would  bt  eipial  to  the  original  length,  t~lf 
I  -  EFJ ;  .-.  P  -  1/E  =  (2520,000,000  x  981)  dynes.      If  the  sectional  an* 

MB  1  -<|  inn...  I     .  .  K  -  ■  £,  I*  <  n,    .  -     _  _.,..„'^.,M)  '-  ^100^00  *  Ml 
dynes  =  the  weight  of  25,200000  grammes.  ' 
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Frv<  ten  an  in  1  lag  then  Incanvenianllj  large 

it-  by  expressing  exl  j    in  tmu   <>f  the  number  of 

kilos,  weight  which  would  be  required  to  double  the  length  of  a  bar  whose 
i al  area  is  one  square  millimetre':   the  resultant  numbers  art*  ioq*pqp 
of  th«*e  obtained  when  tli*-  exfc  is  measured  in  terms  of  the  Dvmbei 

of  grammes'  might  which  woul-1  be  require  I  to  double  tin.1  1  .'  ■  ['  a  bar 
whose  eectiana]  area  is  one  square  Gentian 

-cles  are  more  extensible  when  they  are  in  a  etate  of  contraction  than 
are  at  rest;  an-1   if  a  moeele  when  loaded  by  a  eerliiin  Weight  be 
titi in nlated  to  contra*  ti- -n,  the  mere   elfori    I"   QOntnet   niav   W  diminish   the 
resisL-r  'nsion  or  increase  the  extensibility  that  the  QOntreetZBg  effort 

may  be  more  than  counterbalanced  by  the  ui'-chanical  stretching  of  the  muscle 
produced  by  the  weight  banging  upon  it,  and  the  overloaded  muscle  may 
actual.  .I, hi- I.      Maples  aR»  become  a  Little 

less  resistant  or  nun  extensible  nude]  the  action  of  a  gins  load  shortly  after 
death. 

There  is  no  substance  of  which  wires  or  rods  could  be  loaded 
with  Indefinite  weights,  or  even  with  such  weights  88  would  double 
the  length  :  there  is  for  each  substunce  a  special  limit  of  tenacity 
or  cohesion,  when  extension  can  go  BO  further,  and  the  rod  is 
ruptured.  This  breaking  weight  measures  the  cohesion,  and 
Hewing  table  represents,  according  to  Wertheitn,  the  number 
of  grammes  which  must  he  hung  on  a  rod  of  1  sq.  cm.  section  in 
order  to  break  it — 

Bone 800,000 

Tendon  ... 

N'crv  ....      135,100 

Vtins 18,500 

Arteries           ....        L  3,700 
Muscle 4,500 

Thus  a  nerve  whone  section  is  J  tn\.  cm.  o-uld  bear  a  stretching  force 
equal  Ui  the  but  the  danger  of 

atr*  i   artery  or  a  vein   by  mistake  is  obvious.     There  is  a   great 

difference  in  the  breaking  weight  i>f  the  Mine  tiasue.  in  person?  of  different 
age  and  habit.  Werthetm  found  that  the  fibula  of  a  young  man  of  thirty  bad 
a  breaking  weight  of  1,503,000  grammes  per  centini.-tr-.  while  that  of  the 
same  bone  in  an  old  nuin  of  seventy -foiu  was  reduced  t<>  438)600. 

Compressibility  follows  the  same  laws  as  extensibility. 
Within  narrow  limits  the  coefficients  of  compressibility  and  of 
extensibility  have  the  same  value.  Excessive  compression  leads 
to  cms  id  each  substauce  has  its  own  Crushing   Weight, 

found  by  experiment  OO  masses  of  determinate 

Rigidity — Flexibility. — In  every  rod  nndergoing  flexion,  if 
this  \k  due  to  the  'fa  mass  suspended  from  i  free  end, 

there  must  he  a  certain  extension  of  the  upper  aspect  of  the  rod, 
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a  compression  of  the  lower,  and  u  NVutral  Line  between,  which 
retains  its  original  length.  If  the  flexure  be  due  to  weight 
pressing  down  the  middle  of  the  rod  which  is  supported  at  its 
extremities,  the  extension  is  in  the  lower  aspect  of  the  rod,  the 
compression  in  the  upper.  In  the  former  case  a  cut  in  bfafl  Upper 
aspect  would  weaken  the  rod ;  in  the  latter  the  same  effect  would 
only  be  produced  by  a  cut  ou  the  lower  aspect.  Flexiou  may 
bring  about  compression  and  extension  beyond  the  range  of  the 
breaking  or  crushing  strengths,  and  the  body  may  thus  be  broken. 
If  toil  occur  before  there  has  been  any  perceptible  flexion,  tin- 
body  is  said  to  be  brittle :  if  it  allow  a  considerable  range  of 
flexion  it  is  said  to  be  tough — it  bends  much  before  breaking. 
The  crystalline  or  granular  or  fibrous  structure  of  a  substance  has 
much  to  do  with  its  brittleness  or  toughness.  For  example,  tin, 
which  is  very  crystalline,  is  very  brittle;  wrought-iron  B 
which  are  at  first  fibrous  and  very  tough,  are  subject  to  a  mole- 
cular rearrangement  facilitated  by  vibration,  and  become  crystal- 
line and  brittle. 

Elasticity.- — "  Elasticity  is  the  projxsrty  in  virtue  of  which  a 
body  requires  force  to  change  its  bulk  or  shape,  and  requires  a 
continued  application  of  the  force  to  maintain  the  change,  ami 
springs  back  when  the  force  is  removed  ;  and  if  left  at  rest  without 
the  force,  docs  not  remain  at  rest  except  in  its  previous  bulk  and 
shape  "  (Sir  William  Thomson). 

There  are  two  properties,  Resistance  Hnd  Restitution,  which 
must  concur  in  any  given  body  before  it  can  be  said  to  be  elastic. 

The  coefficient  of  resistance  to  extension,  K,  is  the  re- 
ciprocal of  the  coefficient  of  extensibility;     ■,  K  =  l/E;  and  it 

Force  acting 


is  the  fraction 


Proportionate  Elongation  produced 


From  the  equation  e  =  B.ZF/c,  substituting    1   K  nil  supposing! 

to  bt  both  unity,  we  |ttt  K  =  F.     Whence  K  is  the  number  of  units 
ulii>  h  wmiM  bt  applied  to  a  nwl  (of  the  substance  whose  co- 

efficient «'f  resistance  is  K)  whose  sectional  area  =  1  w{.  em.  in  order  to  doaUa 
!i  douhlmg  were  ]H«gible.     A  Bteel  rod  of  1  sq.  cm.  section 
tamed  riaoVooooo  *W  ■  weight  of  l  gramme — *.&,  by  a  force  of  081 
dynes.     A  force  of  one  dyne  would  lengthen  it  by  1/981  x  2,520,000,000. 
The  resistance  of  steel  is  accordingly  {l  I >y n •       I  x  2,620,000,0' 

2,472120,000000  dynes  in  C.G.S.  measures.     This  if  the  value  of 

aid  it  measures  the  amount  of  fares  wlii.  h  mmU  be  necessary  to  pro- 
duce an  elongation  equal  to  the  original  length  of  a  rod  «.f  that  metal,  whose 
transverse-sectional  area  is  1  sq.  cm.  To  produce  any  less  proportionate 
ftloagetion  t  <',  thfl  f"rce  necessary,  F,  h  K.I  ',  if  the  nnl  have  a  cross-section 
of  1  sq.  cm. ;  K.trjl  if  the  cross-section  be  »  sq.  cm. 
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The  Work  done  in  producing  extension  is  die  product  of  the 
average  resistance  OVeiecXDfl  into  the  space  through  which  it  is 
overcome. 

If  K  be  the  coefficient  of  resistance,  and  if  a  rod  whose  cross-section  is  t 
sq.  cm.  be  exposed  to  a  tensile  force  F,  stretching  will  go  on  until  the  ultima!  • 
listame  arrived  at  is  in  .••itiiliUhitii  wffil  the  ttsetaftung  (bfl  •■■  R    WImb  flUl 
U  the  esse,  K.«/i  =  F.     The  average  resistance  encountered  by  the  tensile 
is  \K.9tjl=  JF.      The  space  through  which  the  resistance  is  over- 
come is  «.     The  work  done  is  average  resistance  x  space  —  £Fe. 

The  coefficient  of  resistance  to  compression  is,  within  small 
limits,  equal  to  that  of  resistance  to  extension,  and  obeys  the  same 
laws. 

Torsibility  of  a  bod  istmd  in  the  simplest  case — that 

of  a  rod  01  wire — in  terms  of  the  angle  through  which  a  unit  of 
force,  applied  at  the  distance  of  1  cm.  from  the  axis  of  the  rod 
or  wire,  can  twist  it.  The  resistance  to  torsion,  T,  is  the  re- 
ciprocal of  this  angle. 

The  Work  -lone  in  producing  torsion  is  the  average  resistance 

■«  ilf  the  "twisting  moment")  multiplied  by  the  angle  of 
twist 

If  the  pressure  p  be  applied  at  the  end  of  a  lever  r,  the  twisting  moment 
I  jw.*  if  the  angle  through,  which  the  wire  ■  twisted  be  u>,  the  work  done  is 
±pru. 

tor9ion-re8titution-prc8snre  (=p)  is  proportional  (1)  to  ut  the  . 
of  twist,  directly  ;  (2)  to  r,  the  distance  of  the  point  at  whi.h  it  acts,  in- 
Vcndj  i  (3)  to  T,  the  Resistance  to  torsion  as  above  defined     It  is  there- 
fore equal  to  Tw.'r,  ;md  the  twisting  moment  pr  is  equal  to  T<o,  whatever  be 
the  dirtar.  point  of  application  of  the  twisting  fore- 

A  bar  suspended  by  its  midpoint  on  a  wire  capable  of  twist,  and  Beted 
by  a  twistfa  it  ;»r,  will   rotate   and  cause  the  lower  end  of  the 

*»«  to  rotate  with  it ;  if,  however,  the  upper  end  of  the  wire  be  at  the  same 
"toe  twisted  in  an  opposite  sense,  to  so  great  an  extent  that  the  reverse 
twitting  moment  due  to  the  torsion  oi  of  the  wire  itself  becomes  equal  to  prt 
^  is  tin o  ition  <if  the  impended  W  at  the  lower 

pressure  at  the  point  of  application  of  the  pressun 

^e  htx  is  Tw/r  ,•  this  is  equal   to  j>,  which   it  holds  in  check.     Any  other 

^^ure  pt1  similarly  applied  would  be  eqne]  to  Tur ;  whence  p  :p/.:umai  j 

tomay  be  compared  by  observing  the  ratio  between  the  angles  of  opposite 

*'*t   which  mu  .  if  A    wire  01   Blot  in  order  to 

-e  forces,  similarly  applied,  from  causing  twist  at  the  other  end. 

The  Coefficient  of  Resistance  to  Shear  is  the  same  as  the 

Efficient  of  rigidity,   which   is  a  constant  independent   of   the 

^pressibility.     The   work  done  in  producing  a  shear  may  be 

"r^cified  ID  two  ways — as  the   product  of  the  average  resistance 

r  i If  the  force   applied)  into   the  amount  of  the  shear,  or 
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as  the  force  applied  into  the  amount  of  displacement  of  the  centre 
of  figure  of  the  mass  sheared.  Either  of  these  pairs  of  terras 
gives  the  same  product*  \Y .  PC. tan  PCP'  (see  Fig.  25). 

Power  of  Restitution. — These  resistances  are  not  the  only 
criterion  of  Elasticity.  A  body  may  resist  extension,  compression, 
torsion,  shear,  and  yet  not  be  elastic.  In  order  that  it  may  be 
perfectly  elastic,  it  must  have  all  the  following  properties: — 

(1.)  It  must  offer  a  definite  resistance  to  distortion. 

(2.)   The  distortion   is  not  permanent,  and  if  the  deforming 
pressure  be  removed,  the  distorted  body  springs   back  to  its 
i ill  form  or  bulk. 
)  The  distorting  pressure  must  be  continuously  maintained 
in  order  to  keep  up  the  distoi  I 

(4.)  As  long  as  a  distorting  pressure  is  kept  up,  there  is 
a  counter- pressure  or  restitution -pressure  (P)  developed  and 
sustained  in  the  elastic  substance.  As  this  holds  the  deforming 
pressure  (F)  in  check,  and  is  in  equilibrium  with  it,  thus  setting 
up  a  condition  of  stress  in  the  substance,  it  must  be  numerically 

il  to  it;  P  =  F. 

(o.)  The  restitution-pressure  does  not  become  diminished  by 

lapee  of  time. 

The  restitution-pressure  P  is  ultimately  npial  to  tin:  deforming  force  F  : 
but  F  =  K.w/f,  whence  P  =  K.*f/f,  and  the  Restitution-Pressure  is  pro- 
port  i  on  ate  to  the  Displacement  If  the  distortion  tefl  =  I,  P  =  K,  whence 
P«=1(E,  and  the  restitution -prebsure  or  ivKtituti<tn- force  then  exercised 
is  represented  by  a  number,  the  Coefficient  of  Restitution  (or  "  coefficient  of 

elasticity"),  which  is  e.iual  to  .,-  ,  .  .   »  or  to  ^ T^7  '      If  l!,e 

*    ■  l  Extensibility  Coinpr- 

distortion  $ejl  have  any  other  value  than  unitv,  the  NMtitattalL-pfMMUl  is 

K.« 

I  uder  any  given  distortion  within  the   limits  of  restitu: 
r,  the  restitution -pressure  is  equal  to  the  product  of  the 
Coefficient   of   Restitution    into    the    distortion;    the    co- 
i  nt    of   restitution    being    numerically    identical   with    the 
reciprocal  of  the  compressibility  or  of  the  extensibility.     It  is  usual 
to  profess  to  measure  the  elasticity  of  a  solid  by  a  "  coij 
tlcmticit//,"  which  is  stated  to  be  equal  to  the  resistance  to  d; 
tion.     There  is  an  equality,  a  numerical  identity,  between  the 
Resistance  to  distortion  and   the  Coefficient  of  Restitution  (upon 
which  the  amount  of  restitution-pressure  depends),  provided  that 

me  system  of  units  is  strictly  adhered  to,  that  the  body  is 
perfectly  elastic,  and  that  the  distortion  is  unity.  It  seems,  how- 
ever, strange  to  set  up  a  method  of  measuring  elasticity  baaed  OB 
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a  tacit  fundamental  assumption  that  the  bodies  dealt  with  are 
perfectly  elastic 

If  there  he  two  bodies,  of  which  one  has  a  low,  the  other  a 
high  coefficient  of  restitution,  and  if  the  hum  displacement  be 
effected  in  both,  the  restitution-pressures  in  the  two  substances 
•  liiler  in  the  same  ratios  as  their  respective  coefficients:  and  in 
these  two  bodies  the  relative  amounts  of  work  stored  up  in  the 
form  of  tensional  or  potential  energy  also  differ  in  the  same 
ratio.     Elasticity  thus    presents   two   aspects,  the   Statical   and 

DynamicaL  On  liberation  of  a  strained  body,  the  whole  of 
the  energy  stored  up  in  it  may  be  restored  in  the  kinetic  form. 

This  restitution  may  be  due  to  the  solid  body  being  a  con- 
servative system  of  particles,  a  small  displacement  amongst  which 
acts  as  a  disturbance  of  masses  in  stable  equilibrium  :  by  such  a 
displacement  an  aggregate  force  is  called  into  action  which  tends 
to  produce  restoration  to  the  original  form  or  bulk.  In  an  elastic 
body  the  greater  the  displacement  or  distortion  the  greater  the 
restitution-pressure,  and  that  in  direct  proportion  (Hooke's  Law). 

Perfect  and  Imperfect  Elasticity. — A  body  is  perfectly 
elastic  when  any  given  stress  produces  no  permanent  set  or 
deformation,  restitution  being  always  complete.  It  is  imperfectly 
elastic  when  it  does  permanently  retain  such  a  set.  It  is  said  to 
be  strained  beyond  the  Limits  of  Elasticity  when  it  is  so  far 
strained  that  it  retains  such  a  set :  it  is  said  not  to  be  strained 
beyond  the  limits  of  elasticity  when  it  is  not  deformed  so  far 
that  it  cannot  exactly  return  to  its  original  form  or  bulk.  When 
the  limits  of  Elasticity  are  narrow,  as  in  the  case  of  lead  (which, 
though  exceedingly  easily  tent  so  as  to  take  a  permanent  set,  can 
yet  be  induced  to  enter  into  vibration,  and  must  therefore  be 
elastic  within  narrow  limits),  the  body  is  said  to  be  "  imperfectly 
elastic,"  or  to  possess  little  elastic  Toughness.  When  it  can 
Buffer  distortions  within  wide  limits  without  taking  up  a  perma- 
nent set,  it  is  said  to  have  great  elastic  toughness  ;  and  a  body 
which  has  infinitely  wide  Mini*'-  of  elasticity  is  said  to  be 
perfectly  elastic.  There  is  no  body  perfectly  elastic,  but  any 
body  may  within  the  limits  of  its  elasticity  be  considered  as  a 
perfectly  elastic  body. 

In  popular  language  a  body  is  said,  like  indiarubber,  to  be 
reiy  elastic  when  it  has  great  elastic  toughness — i.e.,  when  it  can 
be  distorted  through  wide  ranges  without  taking  up  a  permanent 
set;  but  this  use  of  the  word  should  be  discouraged  in  favour  of 
that  use   in   which    it   is  made  to   signify  conjoined    powers  of 
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resistance  to  deformation,  ami  of  restitution  of  shape,  of  bulk,  and 
of  work  done  upon  the  elastic  object. 

The  elastic  toughness  exemplified  in  a  Toledo  sword-blade 
must  be  distinguished  from  the  ordinary  ultimate  tonghness  or 
breaking  toughness ;  the  former  may  be  much  less  than  the 
latter. 

Residual  Restitution  with  Deferred  Restitution -pressure. — 
When  a  body  which  has  been  distorted  ia  left  to  itself  without  vil.rat i. .n,  if 
may,  when  it  has  come  to  rest,  be  fixed  between  rapports  ;  it  then  exerts  no 
elastic  pressure  ;  but  in  the  course  of  a  little  time  it  will  bt  found  to  be 
exerting  an  elastic  pressure  which  has  been  in  the  meantime  slowly  developed, 
and  which  tends  to  restore  the  body  more  nearly  to  its  norma! 
Mi-ihanical  disturbances — sneh  as  vibration,  shaking,  jarring,  etc.  —  whieh 
allow  the  molecules  to  glide  past  one  another,  facilitate  the  development  <.| 
this  deferred  restitution.  Boltzmann  found  that  successive  torsions,  differing 
in  amount  and  in  tense,  caused  the  subsequent  successive  mi.  i.-ence  of 
deferred  restitution-pressures  whose  order  of  succession  was  the  inverse  of  that 
Of  the  torsions  which  had  given  rise  to  them. 

Vibrations  due  to  Elasticity. — When  a  body  is  distorted, 
not  beyond  the  limits  of  elasticity,  and  liberated,  the  work  done 
upon  it  is  restored.  The  body  exactly  regains  its  original  form 
or  bulk,  but  at  the  moment  of  complete  restitution  the  energy 
possessed  by  the  body  (if  perfectly  elastic)  lias  wholly  assumed 
the  kinetic  form,  and  tbfl  body  passes  rapidly,  if  it  be  bee  to  do 
BOj  through  its  mean  form  or  bulk,  and  suffers  an  equal  dis- 
tortion or  alteration  of  volume  in  the  opposite  sense.  Again  a 
restitution -pressure  is  developed,  and  the  body  swings 
through  its  mean  position.  This  is  repeated,  and  thus  m  have 
vibrations  produced  as  the  result  of  elasticity.  The  force  bring- 
ing back  every  particle  towards  the  mean  position  is  proportional 
to  the  distance  from  that  mean  position,  and  this  is  the  criterion 
of  harmonic  motions.  Hence  in  a  solid  body,  which  is  a  system 
of  particles,  any  displacement  sets  up  an  intramolecular  r  •  -  - 1  i  - 
tution-pressuiv,  winch  results  in  htnoonic  motion  (Fooriat- 
motion)  of  the  separate  particles,  and  the  particles  of  a  disturbed 
tuning-fork  or  stretched  string  may  execute  bamonifl  vibrations, 
particles  equidistant  from  one  another  generally  assuming  equal 
differences  of  phase  in  their  respective  S.H.M.'s.  The  whole 
l»ody  executes,  like  a  pendulum,  isochronous  vibrations,  a>. 
example,  the  vibrating  mai  of  a  watch. 

Viscosity  of  Elastic  Solids. — When  an  elastic  body  has 
entered  into  vibration  it  appears  more  or  less  rapidly  to  lose  its 
energy ;  its  vibrations  wane  away.     This  waning  away  is  due  to 


24  0 


tin  '</"  of  the  solid:    the  energy  of  vibration   becomes 

converted  into  heat.     The  amplitude  of  each  SUCC66  illa- 

tion bears  to  that  of  the  one  immediately  preceding  a  constant 
ratio.  If  the  ratio  between  the  first  and  second  oscillations 
be  1  :  /*,  the  third  will  be  ir}  the  nth  will  be  I '' '•  On  account 
of  this  viscosity  a  tuning -fork  cannot  he  made  of  lead  or 
zinc,  the  vibrations  of  which  too  rapidly  die  away.  This  "  Vis- 
cosity "  is  what  is  frequently  understood  by  the  term  imperfect 
elasticity:  the  restitution  of  form  or  bulk  may  be  perfect,  but 
that  of  energy  is  not,  for  some  of  it  is  dissipated  in  the  form 
of  Heat. 

Fatigue  of  Elasticity. — When  a  tuning-fork  is  kept  (as  by 
an   electroniagi:  ment,  p.    648)   continuously   vibrat- 

ing fa  slops  almost  instantaneously  when  the 

exciting  cause  is  removed.  The  steel  requires  periods  of  rest : 
if  it  be  kept  continuously  vibrating  it  has  a  tendency  to  become 
viscous,  and  to  return  comparatively  slowly  to  its  mean  form 
after  each  displacem* 

Velocity  of  propagation  of  a  wave-motion  =  */Kjp. — The  r<-ti- 
tution-pn«Kim;  develop*!  in  eonBequenM  of  a  displacement  varies  its  K,  the 
cocfficii-i  lltfon  ;  the  acceleration  produced  by  the  restitution-pressure 

varies  as  the  restitution-pressure  j  the  Velocity  in  tlkfl  oiiell  I  ■  (in 

SLH.M.)  varies  as  the  square  root  of  the  acceleration  ;  tin-  1  propaga- 

i  varies  as  the  velocity  in  the  circle  of  reference:  therefore  the.  velocity 
of  propagation  varies  aa  the  square  root  of  \\. 

Given  the  same  elastic  pressures  and  the  sann-  \vi>ik  doM  upon  two  bodies 
whose  respective  densities  are  p  and  pti  the  energy  being  equal,  the  respective 

cities   produced  must  vary  inversely  as  the  square  roots  of  p  and  /j#. 

DM  v  varies  as  vK/p  ;  and  it  can  be  shown  that  no  multiplier  intervenes, 
and  that  r  is  equal  to  y/K/p. 

Tliir.  h  the  case  of  a  sound-wave  travelling  through  a  solid  substance.  A 
■wnanl-wave  in  propagated  through  steel  of  sp.  density™  7*85,  with  veL 

sKTp  -  n/081  x  2520,000000 -t- 785  =  s/3\  47919,745,223  =  56 11 77 
cm.  p  -  6611*77  metres  j>er  Becond. 

The  property  of  Elasticity  is  not  inconsistent  with  brittleness: 
glass  has   very   narrow  limits  of   pliability,  and    is   accordingly 
tie,  but  within  these  limits  it  is  eminently  elastic. 

Physiological  Examples  of  Elasticity. — The  vhfllfl  ligamentous 

1  many  of  the   bODftl  also  pu.*sc*<  this   property. 

Tlie  ligaments  of  the  elastic  arch  of  the  foot,  the  vertebral  ligaments,  and  the 

intervertebral  discs  acting  against  the  down  ;   the  viscera  ; 

which  by  their  rcry  moleoulai  uon  (bovavct  this 

may  be  accounted  fur)  are  always  on  the  stretch,  such  as  the  elastic    ; 

»ent  of  the  ag  ! -d  arteries,  the  ligaments  of  the  njmphyitis  pubiii ;  the 

comb i net i  flexion  Bfld  twist  of  the   ribs    in    map] ration  ami  their  elastic  resti- 
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tut  ion  in  expiration  ;  the  ligaments  of  the  lamellibronch  shell,  the  trachea 
of  Imffifl, — all  furnish  examples  of  Elasticity. 

The  Mechanical  Advantages  of  Elasticity. — These  can 
be  Studied  in  a  well-hung  vehicle  with  light  springs.  Any 
sudden  jolt  ot  jar  is  not  communicated  to  the  l>ody  of  the  vehicle 
with  its  original  abruptness,  but  gives  rise  to  a  wave -motion 
which  lifts  the  body  of  the  carriage  and  allows  it  to  oscillate  till 
it  returns  to  relative  rest.  If  a  person  jump,  landing  on  his  feet, 
tlie  shock  is  partly  broken  by  the  elastic  arches  of  the  feet;  but 
t  wither,  before  it  reaches  the  brain  it  has  to  pass  through  a  suc- 
cession of  elastic  discs,  the  ultimate  effect  of  whose  intervention 
is  a  gradual  and  not  an  abrupt  arrest  of  the  downward  movement 
of  the  head  Were  it  not  for  this  the  brain  would  be  ruptured 
by  exceedingly  small  leaps. 

Work  is  directed  by  elastic  intermediaries  so  that  it  can 
become  useful  and  uot  harmful.  Jolts  and  jars — which,  as  we 
have  seen  under  Momentum,  involve  the  disappearance  of  Energy 
in  doing  harmful  mechanical  work — are  converted  into  smooth 
wave-motions.  Thus  energy  is  saved,  as  well  as  mischief  prevented. 
If  a  person  run  over  a  gravelly  road  with  a  heavy  vehicle  attached 
to  his  person  by  a  non-elastic  cord,  lie  will  feel  greatly  bruised. 
It'  lie  interpose  a  steel  spring  or  a  thick  piece  of  indiarubber 
between  himself  and  the  vehicle,  the  pain  is  infinitely  lessened, 
d  the  actual  energy  expended  is  about  25  per  cent  less  (Prof. 
Marey  and  M.  Him) ;  work  has  not  been  spent  in  jolting  and 

jarxing  himself  and  the  vehicle, 

The  use  of  elastic  tatennedfafl  n  all  cases  where  jolts  of 

uny  kind  would  be  injurious.  Compare  the  effects  of  an  involuntary  move- 
ment made  by  a  patient  whose  limbs  are  under  extension  by  a  weight  and 
non-elastic  cord  with  the  effect  of  the  same  movement  when  ■  light  spring 

rvenes  between  the  limb  affected  and  the  extending  weight.      The  spring 

i.<U  and  keeps  up  the  fMJWij  bill  it   jfddl  to  the  momentary  twitch  ; 
tin*  weight  rises  a  little  and  sinks  back  to  its  former  position. 

If  a  piece  of  thin  cord,  tieil    round   a   somewhat  heavy  HUM  of  iron,  be 
palled  with  a  jerk,  it  may  snap  without  lifting  the  heavy  mass ;  whereas,  if 
in  indiarubber  band  be  interposed  somewhere  bttWMD   the  hand  and 
iron,  the  same  jerk  may  first  extend  the  indiarubber  band  which,  in  its  turn, 
may  then  lift  the  heavy  mass. 

Strength  of  structures  as  depending  on  their  form. — 
This  is  the  special  study  of  the  Engineer.  He**  we  qui  only 
state  a  few  principles. 

Qfllileo  bond  that  a  given  weight  of  material  if  disposed  in 
solid  bars  presents  less  resistance  to  crushing  or  bending  than 


x.l 


STKI  STRUCTUlcl'S. 


251 


aine  material  arranged  iu  the  form  of  tubes,  provided  that 
the  \v;ills  of  these  tubes  be  not  excessively  thin.     The  following 
is  from  Weisbach's  Engineering  Mechanics : — 


i:.  FfatlMTMT  to  Uiittiking. 

Mice  to  Crushing. 

Massive  cylinder,  rad.  =  4 
Maw  m  trr^lp  =  16^//» 

Matt  =  ihxlp  -  dirkp  = 
\GTlp 

1000 

1700 
1 

1000 
BISfi 

Massive  cylinder,  rad.  =  5 
Hollow,  radii  5  and  4 
5  and  3 

1000 
870*40 

590-4"  1 

1000 
870-40 
590-40 

Hence,  mass  for  mass,  the  hollow  tube  is  stronger:  diameter  for 
tar,  the  solid  is  the  stronger.     The  strongest  tube  for  all 
purposes  has  the  relative  radii  1 1  and  5. 

Example*  of  this  kind  of  structure  we  Bad  in  the  hollow  sterna  of  \> 
in  the  feathers  of  hirds,  in  the  long  bones  of  the  human  body. 

Economy   of  materia]    may   be  carried   still  farther  by  the 
adoption  of  the  lamellar  or  txabecolated  structure.     We  see  iu 

I  aU  ice-girders  how  the  judicious  arruui-emeiit  of  struts  which  sup- 
ort  each  other  makes  a  structure  strong  enough  for  all  pra 
though  very  light;  often  much  stronger  than  if  it 
burdened  with  the*  excessive  weight  of  its  own  substance  which, 
were  solid,  it  would  have  to  support. 

In  I  J  structure  of  boilM  W8  find  B  similar  arrangement.      In  the 

upper  end   of  the   femur  we   Bud  a  disposition   of  horizontal,   vertical,   and 
obli  which  together  form  a  rigid  triangular  framework uippurt- 

lie  bod/.  Iu  the  astragalus  we  have  a  comparatively  light 
and  porou*  *tru«-ture,  hut  the  trabecule  are  so  arranged  as  to  resist  and  to 
di»t>  downward  pressure  of  the  body  and  the  compressing  pressure 

exerted  by  those  bones,  the  os  cahis  and  tin-  BO&phoid,  which  abut  against  it 
in  the  arch  of  the  foot. 


CHAPTER    XT. 


OF  LIQUIDS. 


This  chapter  may  be  divided  into  three  parts  treating  of  (1) 
Molecular  Actions,  (2)  the  Statics  of  Liquid  Masses, 
(3)  the  Kinetics  of  Liquid  Masses. 


1.  Molecular  Actions. 

Cohesion.  —  If  a  ring  of  iron  wire  be  dipped  into  a  solution 
of  soap,  it  will  be  seen  on  taking  it  out  that  the  cohesion  -i  the 
liquid  causes  a  film  to  be  formed,  vli  h  i  oains  stretched  across 
the  ring.  The  force  of  cohesion  is  also  manifested  by  a  drop  of 
W&t6r  hanging  from  a  glass  rod.      Such  a  drop  may  be  gradually 

ised  in  size  till  at  a  certain  maximum  its  weight  own 
its  cohesion,  the  water  breaks  asunder,  and  the  drop  falls.  A  thin 
rod  of  glass  or  wire  of  metal  may  similarly  be  fused  at  the  end, 
and  the  fused  drop  may  be  inoroasod  in  size  by  continued  fa 
until  the  molecular  forces  can  no  longer  counteract  its  weight  A 
little  water  on  the  end  of  a  thick  glass  rod  will  retain  a  piece  of 
paper  placed  in  contact  with  it,  even  though  some  grains'  weight 
be  suspended  from  the  paper. 

Surface-Tension. — It  has  already  been  remarked  that  the 
molecular  forces  are  most  strikingly  manifest  at  the  surface  of  u 
liquid,  and  that  every  liquid  may  be  regarded  Qfl  bounded 
superficial  skin  or  film,  which  behaves  like  a  Stretched  membrane, 
and  which  in  time  reduces  the  contained  tluid  bo  that  form  whi.  li 
gives  to  the  greatest  cubical  content  the  least  superficial  area. 
The  tension  of  this  superficial  film  is  the  Surface-Tension  of 
tin-  fluid.     A  raindrop,  a  shut  lulling  from  a  shot-tower,  a- 

lobular  form  because  the  sphere  is  the  simplest  geometrical 
form  which  fulfils  these  conditions.  A  bubble  of  air  in  water 
assumes  a  spherical  form — not  perfectly  so  on  account  of  the  re- 
sistance to  its  ascent      The  most  convenient  way  of  studying  the 
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various  forms  assumed  by  masses  of  fluid  under  the  influence  of 
surface-tension  IB  t<»  ndi.-v  ili.-m  of  tin:  effect  of  gravity  by  float- 
ing them  in  liquids  -wn  specific  density,  with  which  they 
will  not  readily  mix. 

A  mixture  of  alcohol  and  water  is  made  of  the  same  .*]*■■  ty  as 

Masses  of  olive  oil  plated  in  this  fluid  will  lu-ithor  K$M  nor  sink, 
but  will  assui  l-ular  form.     If  they  be  not  free  to  assume  the  globu- 

lar form,  but  have  limiting  conditions  imposed  upon  them,*  they  may  assume 
geometrical  forms  of  great  interest,  all  having  the  smallest  raperflda]  area 
■ible  under  the  given  conditions.      If,  fur  example,  i  b  globular 

Of  r.il,  an  oiled  circular  disc  of  iron  fog  b  diameter 

greater  than  that  of  the  ma.--,  the  BUM  of  » •  i  1  will  spread  over  each  face  of  the 
disc,  and  will  form  on  each  side  of  it  a  segment  of  a  larger  sphere.  If  null 
a  disc  be  brought  up  to  the  globular  mass  i  ■  t»nly,  tin-  oil  will   not 

pass  n>und  the  edge  <>f  the  di.s.-.  The  curvature  of  the  segments  of  spheres 
produced  may  be  modifii  d  by  adding  or  removing  oil  by  means  of  a  pipette. 
If  a  iboti  ailed  cylinder  with  open  ends  be  put  htto  the  dilute  ak-oh<»l,  and  a 
niase  of  oil  inserted  by  means  of  a  ]<ip.-tU\  th.-  oil  "ill  Jill  th-.-  cylinder  and 
form  a  kind  i  lens  of  oil  ;  by  means  of  a  pipette  oil  may  l>e  taken 

from  the  mass  till  it  becomes  a  biconcave  Lenticular  mass  ;  or  if  the  operation 
be  stopped  at  the  right  instant,  a  plane-ended  cylindrical  mass  of  oil  will  be 
obtained.     If  a  circular  ring  be  immei  mass  of  oil,  and  some  of 

the  oil  be  then  removed,  the  masa  wil"  i  lenticular  form.      If  a  little 

framework  be  constructed,  ifipiwuCiiifl  in  outline,  the  side*  (one  inch)  of 
cube,  and  hung  into  a  mam  of  "jl  wHefa   is  then  gradually  removed,  the 
i  of  oil  will  have  part  of  its  periphery  determined  by  the  iron  framework, 
will  assume  the  appearance  successively  of  a  cube  with  convex  sides,  of  a 
cube  with  plane  sides,  of  a  cube  with  concave  Bides. 

But  we  can  study  the  effect  of  surface-tension  to  even  greater 
advantage  when  we  diminish  the  muss  of  l  fluid  without  decreas- 
ing the  area  til  the  superficial  film.  This  we  can  do  by  using 
soap  films  or  collodion  films. 

Soap  Films. — Plateau's  method.  1  part  fresh  moist  Marseilles  soap 
(much  better,  pure  oleate  of  eoda)  cut  into  very  email  pieces  ;  dissolve  with 
node  rat*  heat  in  40  ]>arts  by  weight  of  distilled  water.  Filter  through 
aoderaUlv-thin  filter  paper.  Mix  thoroughly  15  volumes  of  this  solution 
with  1 1  volumes  of  Price'*  gt/i  Brine  ;  let  the  mixture  stand  for  seven  days, 
i  th'  i]  eool  down  to  3"  C.  for  six  hours  ;  a  considerable  deposit  is 

Filter  through  parous  paper,  hut  take  the  precaution  of  placing  in 
filter  along  with  the  solution  n  little  ch    .•  :  stoppi  red  bottle  full  of 
his  will  prevent  the  re-solution  of  the  precipitate  I  cold.     The  first 

filtrate  U  turbid,  but  tfcfa  muel  be  realtared  till  it  ia  limpid,  Films  and 
bubbles  made  with  this  eolation  last  for  eighteen  home  if  kept  nodes  a  glass 
•hade  in  very  slightly  moist  air. 

Collodion   Films. — [Qmua.)     Ether   SO    porta  by    weight,   aha 

•  Refer  to  ftm  exceedingly  charming  work  hv  M.  Plateau,  Stnliqxu  des  Liquides 
mumti  ttur  Huh*  Fortes  mcidculairti,  a  treasure  diou.-w  of  experiments  devised  hy  a 
mwunt  afflicted  with  total  blindness. 
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Alcohol  5^,  photographic  gun-cotton  5 \  ;  dissolve.  Decant.  To  100  parts 
by  vuhuii''  .»f  (jbfl  clear  solution  ail-l  70  bo  100  parts  of  pure  castor  oil.  Tin* 
mixture  is  tenacious  enough  to  permit  the  use  of  frameworks  8  cm.  in 
diameter. 

If  a  roughened  ring  be  dipped  into  either  of  these  mixtures, 
and  taken  out,  a  plane  film  will  be  found  stretched  across  it.  A 
pipette  (whose  point  has  been  dipped  into  the  same  mixture)  may 
be  employed  to  blow  bubbles  and  place  them  on  this  film,  and 
then  to  enlarge  or  diminish  these  bubbles.  Such  films  and  bubbles 
stretch  themselves  into  the  most  singularly  beautiful  forms  when 
iron  frameworks  forming  the  complete  angular  periphery  of  cul>e8, 
pyramids,  cylinders,  and  so  forth,  are  substituted  for  the  Toughened 
ring  above  described  ;  and  these  forms  may  be  infinitely  varied 
by  modifying  the  size  of  the  bubbles  placed  on  the  films,  or  by 
bracking  with  a  hot  needle  the  connection  of  the  film  with  one  or 
more  of  the  peripherical  bounding  lines;  in  the  latter  case  the 
most  beautiful  skew-surfaces  are  formed,  all  presenting  the  least 
area  possible  under  the  limiting  conditions. 

If  on  a  simple  lilm  stretched  over  a  ring,  a  piece  of  silk  thread 
(moistened  beforehand  with  the  same  solution)  be  laid  in  such  a 
way  that  the  thread  crosses  itself  at  some  one  point  on  the  film, 
and  if  the  film  be  pierced  inside  the  loop  of  thread,  the  loop  will 
fly  open  and  form  a  perfect  circle :  for  the  rest  of  the  film  tends 
to  occupy  as  small  an  area  as  possible.  If  a  drop  of  alcohol  be  laid 
within  the  loop,  the  loop  Hies  open  in  the  same  way;  although 
the  film  is  not  broken,  yet  its  surface-tension  is  diminished. 

If  a  shallow  dish   containing  mercury  be  tilted  over,  so  that 

mercury  is  on  the  point  of  pouring  out;  if  then  some  of  tin 
rcury  l>e  drawn  over  so  as  to  start  a  How,  the  stream  will  drag 
the  mercury  out  of  the  dish. 

If  a  piece  of  camphor  be   placed  on  clean   water  it  partly 
dissolves  in  the  water.     A  strong  solution  of  camphor   li, 
superficial   tension   than   a  weak   solution,  which   in   its  turn  has 
less  tension  than  pure  water.      At  any  part  of  the  surface  where 
the  solution  happens  to  be  more  dilute,  there  the  weaker  solution, 
having  the    greater  tension,  pulls  the    camphor   towards   it- 
The  camphor  accordingly  Hies  about  the  surface  of  the  water. 
This  is   generally  prevented  by  allowing    the    finger  to  touch  I 
wn!  ,rer  be  beforehand  sjhj.  ially  purified;  so  slight 

a  trace  of  fatty  matter  communicated  to  the  water  prejudices  ita 
but!  ion  to  so  great  an  extent.      If  a  drop  of  ether  be  sus- 

pended by  a  glass  rod  close  to  a  thin  Icjet  "f  water,  the   rest  of 
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tli.  Muter  is  observed  to  flee  from  the  spot;  the  surfftce-teusiou  of 
the  rest  of  the  water  is  unchanged,  but  just  under  the  drop  of 
r  the  tension  is  diminished  by  absorption  of  the  ether-vaponr. 
A  thin  layer  of  water  into  the  centre  of  which  a  drop  of  alcohol 
is  thrown  leaves  the  alcohol  for  a  similar  reason.  If  a  glass  of 
strongly  alcoholic  wine  be  tilted  so  as  to  moisten  the  side  of  the 
glass,  the  film  o(  viae  Idfi  will  gradually  lost-  ><<\n>-  al««.»hol,  and 
becoming  more  aqueous  it  will  have  a  greater  superficial  tension 
than  the  wine;  it  will  pull  itself  up  the  sides  of  the  glass  and 
gather  into  drops.  A  thin  layer  of  water  on  a  metallic  plate,  the 
midpoint  of  which  is  heated,  withdraws  to  the  edges. 

Measurement  of  Surface-Tension. — A  soap  or  collodion  film  has 
two  surfaces,  and  if  the  film  be  not  too  thin,  these  are  Independent  «>f  one 
another.  Cnm-eqiu-ntly  the  tension  of  a  film  is  double  that  of  a  single  surface 
of  the  tame  fluid  and  of  the  nunc  eree.  The  tension  of  n  film  can  bi  measured 
dirvctiy.  A  little  Irani'  \\..rk,  consisting  of  a  transverse  bar  AB,  and  tw- 
it slip*  CD  iui-1  F.F,  allows 
tlu-  piece  of  wire  OHIJ  to: dip  freely  A  - 
up  ami  down  the  grooves.  The  wire  •"— "*" 
is  pushed  home,  and  a  quantity  of 
the  liquid  is  applied  between  ill 
and  CE.  The  little  pen 
loaded  with  sand  until  tin-  wire  HI 
!  -<1  <-ut  t'»  a  certain  distance 

Cp   from   AH.      When  it  [fl  in  that 

position,  the  film  has  an  ureaCE.C/i. 

The  weight  of  the  total   man 

Pfmdfl^  on  the  film  and  the  ten 

eves  the  area  CE  .  Qp  are  equal  to 

one  another.    If  the  total  weight  applied  be  uMreeeed,  the  an-.i  leanmed  by 

idm  is  Ineneeed  in  direct  proportion.    The  total  weight  F  is  dSfttfbuted 

over  the  breadth  GOB  ;  wh.nce,  if  T  represent  the  superficial  tension  across 

unit  of  Ungth  of  CE,  then  F  =  T .  CE.     The  energy  of  the  film  is  the  work 

bee  pulled  the  film  thlOOge  ft  space  Cp:   the  energy  i* 

F  x  Cp  =  T.  CE  .  Qp.     The  energy  may  also  be  represented  as  the  product  of 

icrgy  per  unit  of  area)  x  CE  .  Cp  (the  area)  =  S  .  CE .  Cp.     Hence 

T  .  COB .  Cp  =  S .  CE .  C/> 

energy  per  unit  of  area  (which  in  the  case  of  a  soap  film  is  54*936  ergs 
j»er  *q.  cm.)  Ii  nnmericelly  equal  to  the  furfftce-temiaa  across  each  unit  of 
length  (which  in  the  wane  com  is  .04-936  dynes  per  em.).  These  are  inde- 
pendent of  the  form  of  the  film,  and  depend  only  00  tta  ftCtOftl  urea,  not  OB 
its-  i  !   :     -urface  T  and  S,  as  found  by  exp«  rinu-nt  on 

61ms,  most  be  halved. 

This  Modulus  <>i  Superficial  Tension,  T,  is,  in  all   the  instances 
which  we  have  considered,  that  of  a  surface   between  the  liquid  and    I  ■ 
rounding  air.      In  the  case  of  pure  and  perfectly  clean  water  and  air,  this 
modulus  is  equal  for  each  surface  to  81*96173  dynes  per  sq.  cm.,  very  nearly 
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three  times  the  superficial  tension  of  a  single  surface  of  soap  solution  in 
tact  irith  air.    The  tendon  of  the  bounding  surface  eeparatfaig  olive  oil  ami 
ui r  is  36*8856  dyne* ;  that  of  the  surface  between  olbw      I   and  water  is 
20*50176  dynes,  per  cm.     At  the  I  place  of  oil,  water,  ami  uir,  tin ■-,• 

tin.  e  mrikfifll  meet ;  the  tension  of  the  Wtti  bee  decidedly  preponder- 

,  and  the  edge  of  an  oil-drop  ll-ating  on  water  is  drawn  out  indefinitely. 

If  g  drop   of    water  be  placed    nil    ehh'rofunn       tin-    1  v.p,  <•(  i  u>    !,  ir-iuli.-    1 

water-air  81*96178,  ri.l..mn>rm-air  30-6072,  ami  chloroform-water  29'52*3l 
— iU  surface-tension  ;>vater-air)at  first  preponderates  and  pulls  it  into  I  dm].. 
Whan  WIS  r,  air,  end  clean  glass  are  placed  in  contact  there  is  again  ■  triplet 
of  tension-*,  the  resullan;  h  puHl   the   water  over  the  glass,  which   is 

thus  we'  i  water.     The  Mater  tends  to  stand  so  that  its  surface  makes 

a  certain  angle  with  the  -  is  the  anj?le  of  capillarity,  180* 

between  water  and  glass,  4.r)"-30  he;  nury  and  glass. 

lu  the  row  of  water  this  angle  is  auch  that  the  Upper  Miirface  of  water  in 
coutai  I  with  glass  is  comavi:  ;  in  the  6110  of  mercury  the  impel  surface  is 
rendered 

On  the   I  ►  of  th«-  upper  mrface,  thus  determined,   depends  the 

direction  in  which  the  contractile  tension  of  the  superficial  film  acts.     The 

coiii  i  water  tend*  to  contract  and  beoome  flat)  and  it  does  so  in 

wrvature  imposed  On  it. 

The  narrower  a  capillary  tube  is,  the  greater  is  the  curvature 
of  the  surface  of  any  liquid  standing  in  it,  and  therefore  the  gml 
is  the  contractile  tendency  of  that  .surface.  The  effect  of  (J 
tendency  is,  in  the  case  of  water,  to  exert  an  upward  pull,  to 
neutralise  to  some  extent  the  downward  effect  of  gravity,  and  to 
support  a  column  of  water  in  the  tube.  Hence  water  stands  at  a 
higher  level  in  a  narrow  tube  whose  lower  open  end  is  dipped  in 
water  than  it  does  in  a  wider  one ;  and  the  height  of  the  column 
sup{>orted  is  inversely  proportional  to  the  radius  of  the  tube  at 
the  spot  where  the  curved  surface  of  the  liquid  is  situated.  Mer- 
cury under  similar  circumstances  stands  at  a  lower  leveL 

This  tendency  ot  i  onrved  surface  to  exert  traction  or  pressure 
on  a  fluid  may  be  seen  in  a  conical  capillary  tube ;  if  a  drop  of 
water  be  introduced,  the  smaller  concave  surface  will  pull  the 
drop  towards  the  apex  ;  if  a  drop  of  mercury,  the  smaller  convex 
surface  will  push  the  mercury  from  the  apex. 

ua  are  thus  phenomena  of  surface-tension  ;  and  it  ia 
futile    h)  explain  the   rise   of  Cap  in  the  passage  of  fluids   tfl 

minute  vessel*  hy  "  capillary  attract  N  is  no  free  suifi DC.      An 

experiment  which  may,  on  tfaeodieT  hand,  illustrate  these  mo n  insists 

in  oiling  the  Interior  of  an  open  c.ipillary  tobe,  filling  it  with  water  and 
dipping  the  and  ■  :  the  tube  in  oil  ;  the  the  sides  of  the  tube 

I  will  cause  the  oil  to  run  along  the  tube  aind  to  drive  out  the  water  ; 
this,  however,  iu  not  an  exclushely  capillar]  phenOBMnoBu 

If  two  plates  of  clean  glass  be  set  to  stand  vertically  and 
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parallel  to  one  another  in  a  shallow  dish  of  water,  the  water  will 

rise  up  the  sides   of  each   to  a  height  half  that  which  it  would 

attain  in  a  tube  whose  diameter  is  equal  to  the  distance  between 

tea      If  the  two  plates  have  two  vertical  edges  in  contact, 

liquid  will  rise  indefinitely  where  they  are  in  contact;  at 
other  parts  it  rises  to  a  height  inversely  proportional  to  the  local 
distance  between  the  plates,  and  it  thus  presents  the  outline  of 
an  equilateral  hyperbola, 

Just  as  the  surface  of  a  liquid  is  raised  against  a  fixed  plan 
clean  glass,  so  a  floating  vessel  of  clean  glass  may  by  surface-tension 
be  pulled  down  so  as   to  lie   more  deeply  in   the  liquid   than  its 
specific  gravity  would  lead  us  to   expect      A  floating  hydrometer 
always  □   abnormally  low  reading  on   this  account ;   it  is 

pulled  into  the  liquid,  so  that  the  liquid  appears  to  be  lighter  than 
it  really  is.  If  a  little  vapour  of  ether  be  poured  on  the  surface 
of  the  liquid  so  as  to  diminish  the  surface-tension,  the  hydrometer 
rises.     If  the  water  have  any  grease  on  its  surface,  the  same  effect 

<ws.  [f  the  hydrometer  be  greasy,  it  is  repelled  and  stands 
abnormally  high  in  the  liquid.  Hence  great  confusion  and  in- 
accuracy may  result  from  Kims  of  grease  on  the  glass  or  on  the 
ringers  of  the  nmnipul 

Objects  which  are  wetted  by  the  liquid  in  which  they  float 
are  thus  apparently  attracted  by  it ;  those  which  are  not  so  are 
apparently  I  Two  wetted   objects  floating  on  water  seem 

to  attract  one  another;  two  obji  tiling  on  a  liquid  which 

does  not  wet  than  both  teem  also  to  attract  one  another.  This 
may  be  seen  by  throwing  upon  the  surface  of  water  a  number  of 
wooden  balls,  of  which  some  are  smoked  with  lampblack,  while 
others  are  purified  first  with  soap  and  water,  then  with  pure 
water;  the  smoked  balls  approach  each  other,  the  clean  ones 
approach   each  it   the   clean  balls  appear  to   avoid   the 

smoked  ones. 

We  may  mention  another  consequence  of  surface-tension.  A 
j<*t  of  water  issuing  from  a  rectangular  orifice  is  most  acted  upon 
by  surf,  i  ion  at  its  narrow  edges.     These  are  i 

v  meet,  aud  when  they  do  so,  spread  out  laterally;  the  same 
action  is  repeated,  and  the  whole  jet  is  a  succession  of  flat  segments 
at  right  angles  to  one  another.      At  (irst  sight  such  a  jet  seems  to 

e  a  screw  I  mu. 

The  distances  at  which  molecular  forces  act  are  not  imi  - 
aurably  small      Quincke  found  that  while  water  stands  against 
glass  at  on  against  silver  at  another  angle  of  capillarity, 

B 
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\.  i  against  gkss  coated  with  divot  it  stands  at  such  an  angle  as 
to  show  that  the  influence  of  the  glass  is  felt  through  the  silver 
when  the  layer  of  silver  is  less  than  '000,005  cm.  thick;  this 
thickness  being  one -tenth  of  the  average  length  of  a  wave  of 
light,  and  being  further  (Meyer)  very  much  the  same  thing  as 
the  men  tree  path. 

Superficial  Viscosity. — Tins  is  a  property  of  the  superficial 
film  of  liquids,  which  is  independent  of  the  surface-tension.  If  o 
magnetic  needle  be  so  adjusted  as  to  have  its  lower  surface  in 
contact  with  the  surface  of  a  solution  of  saponine,  it  will  remain 
in  any  position,  in  defiance  of  the  directive  force  of  the  earth's 
magnetism.  On  the  surface  of  most  other  fluids  it  will  move  into 
the  magnetic  meridian,  !»ut  the  whole  superficial  film  of  the  liquid 
will  move  with  it,  as  may  be  shown  by  strewing  lycopodium  over 
the  surface.  The  superficial  film  is,  as  a  rule,  exceedingly  viscous 
as  compared  with  the  interior  mass ;  it  is  consequently  hard  to 
move  or  to  break.  If  a  liquid  have  great  superficial  viscosity  and 
small  surface-tension  (as  in  the  case  of  soap  and  water),  a  bubble 
rising  through  the  liquid  may  raise  the  surface  film,  which  the 
tension  is  not  able  to  break :  the  bubble  may  therefore  persist. 
If  a  wire  ring,  bearing  a  soap  film,  be  swept  rapidly  through  the 
air,  the  air  may  fill  and  stretch  the  film,  and  separate  part  of  it 
in  the  form  of  a  complete  bubble.  A  bubble  rising  with  W 
great  rapidity  through  a  fluid  may  tear  off  some  of  the  viscous 
superficial  film  and  form  a  complete  bubble :  this  is  seen  when 
a  mixture  of  olive  oil  and  strong  sulphuric  acid  is  vigoroi 
stiri  > 

Pure    water    has    great    surface-tension,    which    is    able 
OWi  'he    superficial   viscosity.     Thus  pure  water  will 

froth.  BOOM  liquids,  such  as  a  solution  of  gum  arabic  or  of  albu- 
men, will  froth  when  shaken,  but  their  superficial  vise- 
not  sufficiently  great  to  enable  bubbles  to  be  blown  with  them. 
Alruhol,  sulphuric  ether,  sulphide  of  carbon,  and  some  other  liquid?., 
have  a  superficial  viscosity  less  than  their  internal  viscosity,  and 
consequently,  when  alcohol  is  mixed  with  a  superficially  vis*-' 
liquid,  it  neutralises  its  relative  superficial  viscosity,  and  frothing 
is  nn.l.  re. I  impossible.  Hence  the  practice  of  adding  a  few 
•hops  of  spirit  in  order  to  check  frothing  in  pharmaceutical 
operations. 

To  this  toughness  of  the  superficial  film,  the  floating  of  an 
oiled  needle  or  the  walking  of  an  insect  on  water  must  be  in  part 
ascribed.      The  depth  of  the  dimple  produced  by  the  needle  is  m  -t 
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sufficient  to  account,  by  displacement,  for  the  support  afforded  to 
so  heavy  a  body  :  the  superficial  tension  is  diminished  by  the  oil : 

tenacity  of  the  surface  film  plays  its  part  in  supporting  the 
needle.  To  the  same  cause  we  must  attribute  the  smoothing  of 
the  surface  of  a  rough  sea  when  oil  is  poured  upon  it :  the  new 
surface  has  great  superficial  tenacity  and  small  superficial  tension, 
and  is  not  readily  broken  up  into  surf.  The  new  surface  of  the 
sea  is  relatively  rigid ;  waves  press  against  it  from  beneath,  but 
their  energy  is  spent  in  producing  eddies  below. 

The  superficial  film  of  a  liquid  is  thus  seen  to  be  a  seat  of 
f  and  to  be  physically  different  from  the  interior. 

A  bubble  in  bursting  does  so  with  an  audible  sound  :  it  scatters  particles 
>;  substance  and  ol  tin-  contained  gas  to  a  height  of  thn-i-  OB  fou  I 
this  happens  during  the  effervescence  of  sewage  which  is  undergoing  fer* 

Cohesion -Figures. — If  the  surface  of  a  tumblerful  of  salt 
water  (^  teaspoonful  to  the  tumbler)  be  touched  with  a  pen  not 
too  full  of  ink,  the  ink  will,  in  falling  through  the  liquid,  assume 
y  remarkable  vortical  movements.  A  shower  of  rain  falling 
■  troubled  sea  produces  similar  vortex-rings,  which  are  carried 
down  into  regions  of  comparative  stillness,  and  moderate  the  tur- 
bulence of  the  water  by  equalising  its  distribution  of  momentum. 
The  forms  assumed  by  drops  of  water  or  of  mercury  falling  on  a 
flat  surface,  at  the  instant  when  they  spread  out  and  break,  are 
very  remarkable,  and  may  be  seen  when  the  spreading  drops  are 
momentarily  illuminated  by  the  electric  spark.  The  edge  of  the 
spreading  drop  breaks  up  into  thinner  and  thicker  nodes  and 
loops  which  vibrate :  very  roughly  the  result  may  be  seen  in  a 
cooled  splash  of  candle-wax. 

Solubility  of  Solids  in  Liquids. — When  a  solid  is  dissolved 
a  liquid,  work  is  done  in  overcoming  its  cohesion.     This  co- 

3n  is  overcome  by  the  adhesion  between  the  solid  and  the 
liquid.  Ice  put  into  sulphuric  acid  has  its  superficial  particles 
successively  torn  off,  and  a  mass  of  dilute  sulphuric  acid  (which 
OB  account  of  liquefaction  assumes  a  low  temperature  unless  heat 
be  supplied)  is  produced.  Such  union  may  or  may  not  be  asso- 
ciated with  a  play  of  chemical  affinities ;  in  the  case  of  ice  and 
sulphuric  acid  there  is  a  tendency  to  the  production  of  definite 
irates  of  sulphuric  acid,  the  formation  of  which  is  accompanied 
by  the  evolution  of  a  certain  amount  of  heat.  If  sulphate  of  mag- 
nesia be  placed  in  water  it  will  be  dissolved  to  a  certain  limited 
extent ;  if  the  salt  be  added  in  excess  above  this  limit  it  will 
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nob  be  dissolved ;  when  this  limit  has  been  reached  the  solution 
is  a  saturated  solution.  This  limit  is  expressed  by  the  co- 
efficient of  solubility,  a  number  indicating  the  quantity  of  solid 
which  can  be  dissolved  and  remain  in  solution  ia  unit-mass  of 
the  liquid  at  the  particular  temperature  for  which  the  coefficient 
is  or  ought  to  be  specified.  A  saturated  solution  can  dissolve  no 
further  quantity  of  the  same  salt,  for  the  adhesion  of  such  a  solu- 
tion to  tin'  -alt  is  no  longer  greater  than  the  cohesion  of  the  salt 
itself.  If  the  cohesion  of  the  salt  be  lessened  by  heat,  more  may 
be  dissolved;  and  as  a  general  rule,  with  but  few  exceptions — 
hydrate  of  lime,  sulphate  of  soda,  phosphate  of  magnesia — salts 
are  more  soluble  in  hot  than  in  cold  water.  The  adhesion  of  a 
liquid  to  the  solid  which  it  holds  in  solution  may  be  relatively 
great  or  feeble ;  and  its  relative  amount  may  be  indicated,  though 
not  measured  quantitatively — (1)  by  a  high  or  low  coefficient  of 
solubility;  (2)  by  the  amount  of  energy  which  must  be  imparted 
to  the  molecules  in  order,  by  boiling,  to  tear  the  water  away  from 
the  salt,  or,  in  other  words,  by  the  high  or  low  boiling-point  of  a 
saline  solution ;  (3)  by  the  relative  effect  of  charcoal  filters  in 
retaining  the  salts  of  a  saline  solution  while  allowing  the  water 
to  pass,  a  property  made  use  of  in  the  analysis  of  poisons ;  and 
sometimes  (4)  by  the  detachment  of  the  Liquid  from  the  solid  by 
a  stronger  molecular  attraction,  as  in  the  case  of  iodide  of  starch, 
a  solution  of  which  is  precipitated  by  acetate  of  potash,  the  water 
leaving  the  iodide  of  starch  and  adhering  to  the  salt 

When  a  saturated  solution  is  cooled,  the  adhesion  between  the 
liquid  and  the  solid  diminishes,  the  coefficient  of  solubility  dimin- 
ishes, and  the  solid  segregates  in  a  separate  form  :  thus  hot  satu- 
rated solutions  may  be  set  aside  to  cool,  and  on  cooling  they  cry- 
stallise, the  materials  dividing  iuto  crystals  of  the  salt  aud  an 
ordinary  cold  saturated  solution  of  the  same.  Sometimes,  as  in 
the  case  of  sulphate  of  soda,  such  a  solution  (though  cooled  down 
to  a  temperature  at  which  it  cannot  permanently  retain  all 
salt  which  it  holds  in  solution)  does  not  crystallise,  but  forms  a 
supersaturated  solution.  Buch  a  solution  is  ia  a  state  of  un- 
stable molecular  equilibrium,  and  the  instant  it  is  touched  with 
a  crystal  of  the  same  salt  or  of  an  isomorphous  substance,  or  by 
the  dust  of  the  air  containing  the  same  substance,  or  by  an  oil 
(especially  if  somewhat  oxidised),  or  by  a  bubble  of  gas  soluble 
in  the  liquid]  or  when  it  is  exposed  to  the  least  vibration,  the 
whole  molecular  arrangement  topples  over,  and  tin  of  salt 

assumes  the  solid  form  with  great  evolution  of  heat. 
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A  similar  loo  ocean  in  the  esse  <>f  melted  phosphorat, 

rhich  can  be  kept  fluid  at  10"  Q  (its  Kolidific&tion  point  being  4  4   i:  (.'.)  for 

irtaks,  lepeelilly  if  the  witet  lying  ebove  it  contain  a  trace  of  potnsh  hydrate 

or  of  nitric  arid.     The  slightest  shake  or  contact  with  l  piei     of  phosphorus 

determines  golia 

Miscibility  of  Liquids. — If  a  bottle  be  filled  with  oil  and 
water,  and  shaken,  the  layers  separate  as  soon  as  the  disturbance 
Alcohol  and  water  treated   in   the  same  way  mutually 
dissolve  each  other,  and  mix  perfectly  in  any  proportions.      Eft 
and  water  will  •  tch  take  up  a  certain  proportion  of  the  other,  and 
will  separate  into  two  layers,  the  one  a  saturated  aqueous  solu- 
tion of  ether,  the  other  a  saturated  ethereal   solution  of  water; 
•       Ebndi  rn  miacahle  only  in  certain  proportions.     Very 
often,  as  in  the  case  of  alcohol  and  water,  there  is  a  contraction 
.  olunie  and    evolution    of    heat,  there    being  some  potential 
rgy  of  separation  somehow  liberated  by  the  approximation  of 
mutually  attracting  molecules  of  the  different  substances. 

Imbibition. —  Porous  objects,  such  as  a  lump  of  si 
blotting  paper,  a  heap  of  sand,  a  sponge,  a  lamp- wick,  absorb 
liquids  with  a  rapidity  which  depends  on  the  nature  of  the  porous 
ibstance  itself  and  on  that  of  the  liquid  absorbed,  and  which  is 
reoter  if  the  materials  be  warm.  This  takes  place  by  reason  of 
attraction  between  the  solid  and  the  rluitl  (which  Chevreul 
called  f  and  heat  is  evolved  when  this  attraction 

is  satisfied,  as  in  the  case  of  a  wetted  rope,  which  rises  in  tempera- 
ture from  2°  to  10°  C.  (part  of  this  effect  being  due  to  the  con- 
current shrinkage  of  the  rope).  When  B  porous  body  which  has 
thus  taken  up  a  quantity  of  liquid  is  subjected  to  pressure,  the 
whole  of  the  liquid  can  by  no  means  be  squeezed  out ;  some  water 
still  remains,  which  can  be  evaporated  away.  Imbibition  will  till 
the  pores  of  a  solid  with  a  fluid,  but  will  not  set  up  a  permanent 
current  in  those  pores  unless,  as  in  the  case  of  a  lamp-wick,  there 
be  constant  removal  of  the  fluid  at  oue  extremity  of  the  porous 
obj«  goes  on  at  the  other. 

Diffusion — Jar-diffusion.* — If  a  phial,  filled  to  within  say 
holf-an-inch  of  the  top  with  a  saline  solution,  be  placed  in  a  jar; 
if  v  poured  into  the  jar  so  as   to  surround   the   phial,  and 

if  more  water  be  cautiously  added  until  the  phial  is  oovered  frith 
layer  of  water  <i  Imlf-an-inch  in  depth,  the  whole  being 

set  aside  in  a  quiet  place,  the  solution  in  the  phial  will  diffuse 
into  the  su;  |  water.      The  quantity  of  substance  diffused 

•  See  Graham's  Chemical  and  Physical  Researches. 
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into  the  water  in  a  given  time  depends  (1)  on  the  length  of  that 
time ;  (2)  on  the  quantity  of  substance  in  the  phial  solution,  being 
(within  narrow  limits)  proportional  to  its  strength ;  (3)  on  the 
temperature,  being  greater  at  a  high  temperature ;  (4)  on  a  Co- 
efficient of  Diffusibility  special  to  each  substance.  Other  tilings 
being  equal,  urea  and  salt  diffuse  twice  as  fast  as  sugar,  sugar 
twice  as  fast  as  gum  arabic,  gum  arabic  more  than  four  times 
as  fast  as  egg-albumen. 

Sugar  travels  as  far  in  a  column  of  water  in  two  days  as  albumen  in  four- 
teen. The  following  numbers  indicate  the  relative  times  necessary  for  the 
process  of  diffusion  to  convey  in  water  through  equal  HfafrMHwi  equal  amounts 
.•f  the  several  substances: — Hydrochloric  acid,  I  ;  chl-.ri'K  of  *  odium,  2*33  ; 
sugar,  7  ;  sulphate  of  magnesia,  7  ;  albumen,  49 ;  caramel,  98  (Graham). 

The  rate  of  diffusion  of  all  substances  is  increased  by  moderate  heat,  but 
in  those  substances  whose  coefficient  of  diffusibility  is  small,  it  is  more  in- 

i-od  by  heat  than  it  is  in  those  substances  which  are  already  very  diffusible. 

DM  the  greatest  proportionate  differences  in  diffusion-rates  are  found  in  tin- 
coldest  solutions. 

Some  liquids,  such  as  water  and  sulphuric  acid,  ether  and  chloroform, 
ind  molten  lead,  diffuse  into  one  another  with  considerable  rapidity. 

If  a  mixture  be  placed  in  the  diffusion-phial,  the  approximate 
rule  is  that  each  component  of  the  mixture  is  diffused  out  at  its 
own  rate,  and  independently  of  the  others.  There  is,  however,  a 
departure  from  strict  adherence  to  this  rule,  in  the  sense  that 
the  ordinary  differences  of  diffusibility  are  exaggerated  in  such  a 
mixture.  If  the  phial  contain  a  double  salt,  such  as  alum,  diffu- 
sion may  effect  chemical  decomposition :  sulphate  of  potash  and 
sulphate  of  alumina  aTe  separated,  the  former  being  diffused  more 
rapidly. 

A  high  boiling-point  of  any  solution  (which  indicates  adhesion 
of  water  to  the  salt  dissolved)  is  associated  with  rapid  diffusibility 
of  the  same  salt ;  but  there  is  no  close  relation  between  the  rapidity 
of  diffusion  of  a  salt  and  its  solubility. 

Colloids    and   Crystalloids. — On   surveying   a   number  of 
objects  which  have  a  wide  range  of  relative  diffusibilities,  we  see 
that  at  one  end  of  the  scale  we  have  such  things  as  urea  and 
"ride  of  sodium,  and  at  the  other  such  things  as  starch,  gum, 
gelatine,  albumen.     The  former  are  bodies  of  rapid  diffusible 
have  generally  a  certain  chemical  stability  and  a  crystallin 
and  are  called  Crystalloids.      The  latter  are  bodies  of  slow  dif- 
fusibility, have  very   probably  large  molecules   compou: 
groups  of  their  simplest  molecules,  have  in  general  (with  rare 
exceptions,  such  as  the  blood-crystals)  the  non-crystalline  amor- 
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phous  g]  ue-like  character  which  gives  them  the  name  of  Col- 
loids, and  tire  for  tin:  most  past  in  a  state  of  unstable  equilibrium 
when  in  the  moist  condition.  Colloids  have  great  cohesion,  and 
adhere  firmly  to  other  colloids :  thus  isinglass  heated  with  acetic 
acid  forms  a  cement  which  adheres  thinly  to  glass;  and  when 
they  dry  they  tend  to  contract  firmly,  so  that  a  strong  solution 
gun  arabic,  drying  in  a  test  tube,  will  sometimes  break  the 
tube.  They  often,  when  drying  up,  extrude  their  contained 
water,  and  form  clots,  on  the  surface  of  which  the  water  presents 
itself  in  drops.  Colloids  also  in  many  instances  possess  the  power 
«>f  taking  up  alcohol  or  olein  in  the  room  of  their  water  of  con- 
stitution. This  property  is  possessed  even  by  such  a  substance 
as  colloid  silicic  acid. 

An  animal  tune,  which  is  in  great  part  composed  of  colloids,  may  have 
its  water  expelled  and  replaced  by  alcohol  by  <lint  of  repeated  washing  in 
that  lii-uiiil. 

Colloids  being  very  slightly  diffusible  arc  tasteless  ;  they  do  not  reach 
the  nerve-ends.  For  the  same  reason  they  arc  very  indigestible — e.g.,  gela- 
tine— unless  peptonized  ;  peptones  being,  by  exception,  diffusible  though 
otherwise  colloidal. 

If  a  layer  of  pure  jelly  be  laid  on  a  layer  of  jelly  charged  with 
soluble  salt*  and  also  with  caramel,  the  salts  will  diffuse  into  the 

iiyer  of  solid  jelly  nearly  as  fast  as  if  it  were  pure  wa' 
the  caramel  will  not  travel  at  all.     If  a  film  of  colloid  matter 
(starched  paper)  be  placed  between  a  saline  solution  containing 
coll  and  ;i   mass  of  pure  water,  the  colloid   septum 

will  offal  little  obstruction  to  the  passage  of  the  salts  into  the 
water,  but  will  prevent  the  colloid  matter  from  passing  through, 
matter  is  thus  impervious  to  the  diflbfikm  of  otihet  col- 
but  does  not  hinder  the  diffusion  of  crystalloids. 

Diffusion  through  Membranes — Osmosis. — If  three  layers 
of  liquid,  chloroform,  water,  ether,  be  placed  in  a  closed  bottle 
and  set  aside,  it  will  be  found  that  iu  course  of  time  the  ether 
travels  into  the  GhlOTofoi  thai   the.  water  does  not  to  any 

reciable  extent  allow  the  chloroform  to  pass  into  the  ether. 
The  ether  dissolves  to  some  extent  in  the  water  and  diffuses 
through   it :  it  is  removed  from  the  water  by  the  chloroform : 

step  the  water  passes  the  whole  of  the  ether  through 
own  substance.      A  thin  caoutchouc  membrane  lying  between 
alcohol  and  water  allows  the  alcohol  to  pass  through  it  into  I 
wa:  no  passage  of  water  into  the  alcohol  is  ban 

If  an  organic  septum  be  used  it  is  wetted,  and  the  water  passes 
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into  the  alcohol.      If  hydrochloric  acid  and  water  be  separated  by 
;m  animal   membrane,  the   hydrochloric  acid  passes  through  in 

iter  quantity  :  both  fluids  wet  the  membrane,  the  hydrochloric 

I  is  most  attracted.  Hence  molecules  may  travel  through  a 
septum  devoid  of  perceptible  pores  as  well  as  through  one  in 
which  pores  exist 

If  the  membrane  employed  be  porous,  we  have  the  process  of 
1  motif.  The  membrane  becomes  penetrated  by  that  one  of 
the  two  liquids  ("liquid  A ")  for  which  the  walls  of  tta  pores 
have  the  greater  attraction  or  affinity.  Win  n  <ach  small  capil- 
lary column  of  the  liquid  A  comes  at  the  farther  surface  of  the 
memhrnim  into  contact  with  the  liquid  B,  the  molecules*  <>|  liquid 
B  diffuse  into  it.  Thus  the  end  of  the  column  of  liquid  A 
comes  more  to  resemble  that  liquid  B  which  is  less  attracted 
by  the  walls  of  the  pore,  and  it  is  extruded  from  the  pore  and 
pushed  into  liquid  B.  This  process  is  continuous,  and  a  stream 
of  liquid  A  is  drawn  through  each  pore  of  the  membrane  iut-» 
liquid  B.  Down  the  centre  of  the  stream  there  is,  however,  a 
backward  diffusion-current  of  molecules  passing  from  the  liquid 
B.  Tin's  happens  if  the  pores  be  wide  enough  to  allow  the  centre 
of  the  stream  to  be  comparatively  out  of  reach  of  the  immediate 
influence  of  the  walls  of  the  channels,  an  influence  which  we 
have-  seen  to  extend  to  a  distance  of  33^3$  uim.  or  tjtjuVhto  inch. 
If  the  liquid  stre  not   too   rapid,  these  molecules  will   make 

r  way  against  it  into  liquid  A.      If  the  channels  be  wry  nar- 
row the  liquid  stream  is  relatively   accelerated,   thus   the   1 
between  the  amouut  of  water  that  passes  through  a  porous  nn 

■ie  into  a  saline  solution   and    the   amount  of  salt  -sea 

in  the  opposite  direction  is  increased  by  diminution  of  the  pores. 
This  ratio  is  called  the  Endosmotic  Equivalent.  It  is  no 
constant,  but  depends  on  the  nature  of  the  nun. Inane,  and  even 
with  the  same  membrane  it  differs  according  to  its  thickness  or 
state  of  fresh n  1 09,  and  may  be  increased  by  tanning  with  tannin 
or  chromic  acid,  which  diminish  the  size  of  the  pores. 

Thus  for  a  membrane  on  one  side  of  which  is  dry  common  salt,  on  the 
other  side  waUr,  if  the  membrane  be  a  piece  of  cow'h  pttSettdftlffl,  for  every 
grain  of  salt  which  passes  into  the  water,  4  grains  of  water  pass  into  the  salt ; 
■itib  .1  pim  of  cow's  bladder,  the  endosmotic  equivalent  is  6.  If  on  one 
side  of  an  animal  membrane  there  be  placed  a  strong  rulutiuu  <>f  nlpfcffti  of 
magnesia  and  on  the  other  a  quantity  of  blood  s.niin,  Un  fluid  r.f  the  blood 
serum  will  pUH  into  tin*  saline  •otatfoBj  taking  tome  albumen  with  it, 
1  some  sulphate  of  magnesia  will  paw  into  the  blood  tsertuu. — (Milne- 
Edwards.) 
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The  meobanica]  stnicture  of  the  raeDibrane  has  a  marked  in- 
fluence on  the  process;  thus  water  will  pass  more  readily  inwards 
through  frogskin,  more  readily  outwards  through  eelskin. 

The  matters  already  moistening  the  membrane  also  affect  the 
rate  of  transmission  ;  thus  albumen  more  readily  passes  through 
a  membrane  previously  moistened  with  alkalies.  If  between 
alcohol  and  water  there  be  arranged  a  membrane  previously  soaked 
in  oil,  the  membrane  cannot  be  wetted,  and  the  alcohol  now  passes 
into  the  water. 

If  the  saline  solution  be  in  a  state  of  movement  relative  to 
the  membrane,  the  particles  arc  drawn  away  from  the  membrane, 
and  the  diffusion-stream  is  hindered  ;  if  the  water  into  which  the 
salts  are  passing  be  constantly  renewed,  tine  molecular  diffusion  is 
accelerated. 

Heat  increases  the  rapidity  of  Osmosis.  An  electric  current 
(the  "electrodes"  being  on  opposite  sides  of  the  membrane)  has 
the  lingular  effect  of,  as  it  were,  poshing  the  liquid  bodily  through 
the  membrane  towards  the  negative  electrode.  Even  gelatine 
and  the  fatty  matters  of  milk  can  be  thus  driven  through  u 
membrane. 

If  a  mixture  of  different  substances  he  exposed  to  osmosis 
through  a  porous  membrane,  the  colloids  will  remain  or  will  pass 

Ugh  in  very  small  quantities,  the  crystalloids  pass  through 
freely.  This  is  the  basis  of  the  proeess  of  Dialysis.  Various 
mechanical  arrangements  for  carrying  out  dialysis  suggest  them- 
selves :  a  phial  with  the  bottom  cut  off  or  a  wide  glass  tube,  over 
the  lower  end  of  which  a  piece  of  membrane  is  stretched  ;  the 
material  to  be  dialysed  being  placed  in  this,  nnd  the  whole  sus- 
pended in  water.  The  most  convenient  arrangement  in  many 
respects  is  a  piece  of  parchment  paper  (the  leaks  in  which  are 
stopped  with  albumen  coagulated  by  heat)  laid  upon  a  wooden 
ring,  into  which  a  smaller  ring   is   thrust  so  as  to  form  a  dish 

i  a  membranous  bottom  ;  this  is  floated  on  a  mass  of 
water,  and  the  substance  to  be  dialysed  placed  iu  a  thin  layer 
on  the  dish.  The  crystalloids  (strychnine,  etc.)  pass  into  the 
water,  the  colloids  (mucus,  etc.)  remain  in  the  dish.  This 
method  is  peculiarly  applicable  to  the  separation  of  poisons  from 
animal  matters. 

(lie  mixed  solution  exert  pressure  upon  the  membrane, 
mil. .ids  as  w.  11  as  crystalloids  may  be  found  to  pass  in  consider- 
able quantities  through  that  membrane  along  with  the  fluid 
forced  through  by  the  preasun 
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If  peroxide  of  iron  be  dissolved  in  a  solution  of  perchloridc  of  iron,  and 
tin-  wholfl  be  then  dialysed,  the  chloride  of  iron  will  pass  through  the  mem- 
brane, leaving  the  colloid  oddfl  of  boo  behind  in  solution.  Neutral  Prussian 
bine  (as  used  in  microscopical  work)  is  also  a  colloid,  and  may  be  purified  in 
the  same  way:  bo  is  eucrate  of  copper,  a  soluble  compound  of  copper  oxide 
with  Mipir,  whirli  b  i.liu-1  on  heating.  Albumen  may  also  be  obtained  in 
a  relatively  pan  form  by  separating  it  by  dialy.si.-  from  tlu-  greater  part  of 
the  salts  that  it  may  contain. 

If  the  membrane  used  be  the  gastric  or  intestinal  membrane,  taken  utter 
death,  it  is  found  that  curare  or  snake  poison  will  not  pass  through  it,  wh 
they  are  absorbed  readily  by  the  dermis  or  by  Won*   membranes.     Tl 

n  not  to  wet  the  fonner  ;  hence  the  selective  absorption  of  poisons  has  a 
certain  physical  ba- 

Absorption  "by  the  dermis  is  seen  to  be  a  physical  process ;  the  walls  of 
the  vessels,  both  lymphatic  and  venous,  are  known  to  be  physically  permeable 
to  osmose,  and  the  salt  being  placed  on  a  vascular  region  is  quickly  absorbed, 
the  osmose  being  accelerated  by  the  flow  of  liquid  in  the  vessels.  Substances 
brought  in  contact  with  the  pulmonary  epithelium  are  also  very  rapidly 
absorbed.  Lymph  OCti  towards  blood  as  water  does  towards  a  saline  KilfitJ 
ami  the  tendency  of  osmotic  action  is  to  carry  the  fluids  of  flu  body  int., 
the  blood-stream.     Repletion  of  the  vessels  check*  this  tendency.     Adh 

between  waterand  oil  Ha  peiflj  IhhiimhwI  M  i  littft  alkali  bi  (Hvolvad  In  tibi 

water.      When  the  BUOOta  membrane  is  covered  with  bile  it  bi  man 

illiuity  Sot  nit  globule*,  which  are,  besides,  each  endowed  by  emulsion i 
with  an  aqueous  or  soapy  covering,  which  makes  them  act  like  minute  masses 
q|  water,  and  BDShll  not  to  experience   any   ndativc  repult-iun  v. 

carried  with  the  rest  of  the  aqueous  stream. 

Osmose  is  thus  related  to  capillary  affinity  and  to  diffusion, 
but  it  Ijtjars  no  exact  numerical  relation  to  either  of  these,  for  it. 
depends  on  the  relation  l>etween  the  pores  and  the  solid  ports  of 
the  membrane,  upon  the  nature  of  the  material  (colloidal  or  other- 
e)  of  the  membrane,  upon  the  width  of  the  pores,  upon  t.1 » - • 
temperature  and  electrical  condition,  upon  the  mutual  action  of 
tfae  fluids,  and  in  physiological  OMGI  <Miluc-K<l\v:irds,  Physiologic, 
tome  V)  it  seems  to  depend  on  the  influence  of  the  nervous  system. 


2    The  Statics  of  Liqiih  Masses. 

Liquids  are  incapable  of  resisting  a  change  of  shape 
when  acted  on  by  forofl  which  i.s  not  equally  applied  owr  tin- 
whole  surface,  and  they  flow  when  thus  acted  on,  unless  supported 
on  all  sides. 

All  soft  masses  which  cannot  in  the  aggregate  permanently 
lot  ■  ( liange  of  shape  are  practically  liquids,  and  are  subject 
to  hydrostatical  laws. 

It  is  often  convenient  in  discussing  the  equilibrium  of  liquk 
to  imagine  little  elements  of  the  liquid,  floating  in  and  forming 
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part  of  the  liquid,  to  become  solidified,  or  otherwise  to  become 
separately  recognisable  while  not  altering  their  other  relations  to 
the  surrounding  mass.  Then,  if  the  liquid  as  a  whole  is  at  rest, 
each  of  these  little  elements  of  mass  must  also  be  at  rest. 

This  bong  so,  the  forces  acting  on  each  little  element  of  mass 
must  be  in  equilibrium,  and  their  resultant  must  be  nil.  This  can 
only  occur  (since  each  fluid  element  is  subject  to  pressure  on  all 
sides,  as  may  be  understood  by  considering  the  rush  of  fluid  from 
all  ha!  would  occur  if  the  little  element  of  mass  were  sud- 

denly annihilated)  if  the  pressure  on  all  sides  be  equal ;  and  since 
the  element  may  be  reduced  to  a  material  point,  the  proposition 
follows  that  at  any  point  in  a  liquid  the  pressure  in  all  directions 
is  equal. 

The  pressure  at  any  point  of  the  surface  of  a  liquid  at  rest 
must  be  at  right  angles  to  the  surface.  If  it  were  not  so,  it  must 
be  oblique ;  being  oblique,  it  would  be  resoluble  into  a  component 
at  right  angles  and  one  parallel  to  the  surface.  The  latter  could 
not  fail  to  act,  the  surface  being  that  of  a  liquid ;  hence  the  liquid 
would  not  be  at  rest ;  whence  there  is  no  such  component,  and  the 
pressure  is  at  right  angles  to  the  surface.  Conversely,  when  a 
liquid  is  at  rest,  the  pressure  which  it  exercises  on  the  vessel  con- 
taining it  is  at  right  angles  to  the  walls  of  the  vessel,  for  the  walls 

be  Teasel  coincide  bl  aspect  with  the  surface  of  the  liquid. 

If  in  a  liquid  at  rest,  expressly  supposed  to  be  not  under  the 
influence  of  gravity,  two  elements  were  imagined  to  be  in  contact, 
and  yet  to  be  subject  to  different  pressures,  there  would  at  the 
it  ax  surface  of  contact  be  a  relative  difference  of  pressures 
which  would  necessarily  cause  movement  of  the  liquid ;  but  the 
liquid  is  supposed  to  be  at  rest ;  hence  there  can  be  no  difference 
B  the  pressures  of  any  two  contiguous  elements,  and  the 
pressure  throughout  a  weightless  liquid  at  rest  is  everywhere  the 
same  (Pascal's  Principle). 

If  pressure  be  applied  from  without  to  some  of  the  particles 
of  a  liquid,  and  if  that  liquid  be  free  to  change  its  shape,  it  will 

^o ;  if  it  be  not  free  to  flow,  the  particles  pressed  on  will  press 
against  contiguous  particles,  jurist  their  neighbours; 

thus  the  pressure  becomes  equalised  throughout   the  whole  of  the 
liquid.      This  is  the  principle  of  the  so-called  Transmissibil; 
<>{  Fluid  Pressures.     The  pressure  applied  to  any  area  of  the 
-urface  of  a  liquid  not,  free  to  flow  becomes  equally  felt  over  every 
equal  area  of  the  sun 

If  a  wide  cylinder  with  a  piston  whose  area  is  a  square  inches 


270 


OF  LIQUIDS. 


[chap. 


tity  of  fluid  tlmt  w«»uhl  Yu-  vertically  above  the  base  if  the  column  of  fluid 
were  perfectly  cylindrical  and  of  the  height  6,  but  which,  owing  to  the  form 
of  the  vessel,  does  not  so  lie. 

The  total  pressure  on  the  base  of  a  vessel  containing  liquid 

•iuls  on  the  height  (b)   of  the  liquid  and   the  area  (a)  of  the 

base,  the   density  p  of  the   liquid,  and  g  the    local   acceleration 

of  gravity,  but  dues  not  depend  on  the  actual  weight  of  the  liquid 

employed. 

Tin:  total  pressure  P  =  abpy. 

If  a  flask  filled  with  water  be  fitted  with  a  cork  En  winch  a  long 
narrow  tube  is  fixed  upright,  a  very  small  quantity  of  water 
poured  into  the  tube  will  be  competent  to  burst  the  tla.sk. 

This  proposition — that  the  same  amount  of  water  may  pro- 
duce widely-differing  amounts  of  pressure  on  the  vessel  in  which 
it  is  contained,  these  amounts  depending  on  the  form  of  that 
vessel — is  said  to  be  a  Hydrostatic  Paradox  ;  the  only  paradoxical 
element  about  it  is,  however,  its  discrepancy  with  a  certain  unin- 
formed intuitional  belief  in  the  Conservation  of  Force. 

A  slack  bag  containing  liquid,  and  set  to  rest  upon  a  plane 
surface,  exerts  a  pressure  upon  that  surface  which  is  equal  to  the 
product  of  the  area  of  contact  x  the  height  of  the  centre  of  gravity 
of  the  liquid.     So  for  semi-fluid  masses. 

When  the  surface  of  a  liquid  is  exposed  to  the  atmospheric 
pressure  of  700  mm.  or  7b'  cm.,  it  bears  on  each  sq.  cm.  of  surface 
the  weight  of  76  cub.  cm.  of  mercury,  or  1033*3  grammes;  this 
is  equal  to  (1033*3  x  981)  dynes:  or  if  the  barometer  stand  at 
x  cm.,  the  pressure  on  each  sq.  cm.  of  surface  is  (13*5 96a:  x  981) 
dynes.  This  number  of  units  of  force  per  sq.  cm.  may  be 
expressed  by  the  symbol  n.  Then  the  total  atmospheric  pressure 
on  area  a  sq.  cm.  is  all.  The  liquid  pressure  on  the  area  a  at  th« 
moan  depth  h  cm.  would  have  been  ahpg  if  there  had  been  no 
pressure  at  the  surface.  When  the  atmospheric  pressure  acts  at 
the  surface  of  a  liquid,  the  total  pressure  on  any  plane,  whose  area 
is  a  and  whose  mean  depth  below  the  surface  is  b,  amounts  to 
II  +  abpg). 

When  the  human  body  (as  in  ordinary  circumstances)  has  the  head  in  the 
highest  position,  the  blood  in  the  head  is  exposed  to  the  ordinary  atniosph 
pressure.     If  the  head  be  downwards,  the  pressure  on  the  blood  vessels  of  the 
head  is  increased  by  the  weight  of  the  column  of  blood  in  the  inverted  ba 
and  hence  there  is  congestion.     If  the  body  float  submerged  in  a  liquid  of 
its  own  sp.  density,  head  up,  the  pressure  on  the  blood  vessels  of  the  heo 
the  ordinary  atmospheric  pressure  increased  by  the  weight  of  the  column  of 
liquid  immediately  overlying  the  head  ;  hut  if  the  head  be  suspended,  though 
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Che  increased  depth  cause  a  correspondingly-increased  external  pressure  on 
the  head,  yet  th<-  equally-mcrea-  J  pressure  of  blood  balances 

effect,  and  there  is  no  congestion.     This  may  be  by  a  loop  of  thin 

indiarubber-tuhing  tilled  with  water:  impended  in  air,  the  depending  part 
i«  distended  :  suspended  in  water,  it  is  relieved  from  disteu 

Communicating  Vases.—"  Water  seeks  its  own  level."     If 

re  l>e  two  communicating  vessels  containing  the  same  liquid. 

the  lowest  part  of  the  communicating  channel  may  be  considered 

as  a  common  base:  its  area  is  a.     Regarding  it  as  the  base  of 

1  A  (Fig.  103),  we  see  that 

pressure  on  it  must  be  ahprj, 
and  the  height  of  the  liquid  in 
A  is  h  ;  regarding  it  as  the  base 
of  vessel  B,  the  pressure  (which 
must  be  the  same,  for  the  liquid 
is  at  rest)  is  equal  to  abpy: 
whence  b  =  bv  the  height  of  il- 
liquid in  the  two  vaaes  must  be 
the  same,  and  the  level  must  be 
the  same  in  bwo  communicating  vases,  whatever  be  the  shape  of 

communication,  so  long  as  the  communication- pipe  is  con- 
tinuously filled  with  liquid.  This  implies  that  sufficient  time  for 
assuming  equilibrium  is  allowed 

If  the  fluids  in  the  two  communicating  columns  be  not  of  tin- 
same  sp.  density,  (he  effect  is  an  inequality  in  the  heights  of  the 
columns,  which  vary  inversely  us  the  sp.  density. 

The  two  pressures  are  abpg  and  ab^y ;  these  are  equal  : 

.  • .  bp  =  hlPv       or       b:bl::pl:p. 

In  Fiy.   104  the  column  of  water  oi  ftl 
another  because  they  produce  an  •  qual  pressure  on  the  base  t. 
If  a  U-tube  contain  water,  of  which  that  in  one  limb  i 

i-  cool,  the  liquid  in  the  hotter 
will  stand  at  a  !  level  than  th.it  in  the  oooled 

The  relative  specific  of  fluids  nun  u-d  bv 

methods  based  on  this  principle. 

The  accuracy  of  the  "  water-level  "  may  be  inter- 
fered with  by  capillarity.  If  both  limbs  of  a  U-tube 
be  narrow,  but  unequally  so,  the  liquid  will  stand 
at  a  greater  height  in  the  narrower  limb. 

If  a  U-tube  be  taken  of  which  the  narrower  limb  is  the 

■borter,  t  i    water  placed  in  the  tube  may  be 

regulated  so  as  to  afford  the  following  three  conditions  : — (I)  The  shorter 

iter,  the  upper  surface  of  which  iB  concave,  and  the  wnter 
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standing  at  a  lower  level  in  the  wider  tube  ;  (2)  The  shorter  limb  coin- 
1  I  nly  tilled  with  water  the  upper  surface  of  which  is  plane,  and  the  concave 
8urfacc  of  the  wut.-r   in  fhfl  at  nearly  the  same  level,  but  a  little 

highex  j  (3)  The  shorter  limb  completely  filled  with  water  the  upper  surface 
of  which  U  convex,  and  the  water  standing  at  a  higher  level  in  the  wider 
tulje,  it*  Hurface  being  concave. 

Every  liquid  tends  to  set  the  whole  of  its  surface  at  right 
s  to  the  force  of  gravity. 

When  a  cylindrical  vessel  containing  a  liquid  is  rotate  I 
round  its  longitudinal  axis,  the  surface  of  the  liquid  assumes  a 
parabolic  form  which  is  maintained  constant  as  long  as  the 
rotation  is  uniform. 

Thus  the  form  of  the  free  surface  of  liquids  is  affected  by 
gravity,  by  molecular  forces,  and  by  rotation. 

Archimedes'  Principle. — If  an  element  of  mass  of  a  liquid 
be  supposed  to  be  solidified,  this  will  not  affect  its  equilibrium 
in  the  midst  of  the  fluid  of  which  it  had  previously  formed  part ; 
it  will  neither  rise  nor  sink.  Even  though  its  nature  be  altered, 
provided  that  it  does  not  become  either  lighter  or  heavier,  it  will 
neither  sink  nor  rise:  it  has  apparently  lost  its  weight.  If  it 
become  heavier  than  the  liquid  it  will  sink ;  if  it  become  ligfa 
it  will  rise.  Gravity  has  no  effect  iu  making  a  body  rise  or  sink 
in  a  liquid  except  in  so  far  as  there  is  a  difference  between  tie- 
density  of  the  liquid  and  that  of  the  body  suspended  in  it.  This 
leads  to  Archimedes'  principle: — "A  body  suspended  in  a 
fluid  apparently  loses  as  much  weight  as  is  equal  Id 
the  weight  of  the  mass  of  fluid  which  it  displaces.** 
The  application  of  this  principle  to  the  study  of  sp.  density  we 
have  already  seen. 

A  body  lighter  than  water  may  be  loaded  with  just  so  much 
mass  as  will  link  the  light  body  without  that  additional  mass 
itself  entering  the  liquid;  the  whole  will  then  float,  the  lighter 
body  displacing  a  bulk  of  water  equal  to  its  own  bulk  ;  tin- 
weight  i  .  the  buoyancy  of  the.  water  being  the  weight 
of  the   i  m  that  of  the  load  placed  on  it;  aud   the  ratio 

weight  of  body 

^ht  «f  i»..!y  +  i,.a,i  =  8p-  den8ily of  tbe  *****  ™y- 

That  a  body,  evi  n  though  sullkk-ntlv  light  to  Ih«i1.  tendi  bo  •-'ink  fa  water 
until  the  weight  of  the  water  displaced  becomes  equal  to  tin-  weight  oi 
whole  body,  may  he  shown  by  a  v«ry  Miopia  experiment.     Take  tw> 
phials,  two  small  elastic  bands,  and  four  nails  which  must  n«»t  be  too  heavy. 
With   tl.. in   nuy  be  constructed  a  couple  of  rough  models  representing  m 
person  with  his  arms  kept  down  by  his  side,  and  a  person  whose  anna  are 
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elevated  above  his  head     On  putting  these  models  into  water  the  difference 
of  floating  capacity  will  be  very  obvious. 

Measurement  of  Pressure. — The  pressure  to  which  the 
surface  of  a  liquid  is  exposed  can   always  be  measured  by  the 

ht  of  the  liquid  column  which  that  pressure  can  support.  If 
in  Fig.  105  the  water  contained  in  the  cylimh  .-••  A  I;  be  exposed 
to  a  certain  pressure  communicated  by  a  piston  at  A,  and  if  a 

Fig.  106. 


»f.n»i  p«iii 
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tube  (a  piezometer  tube)  placed  at  C  be  in  communica- 
tion with  the   liquid,  water  will   rise    in    the   tube  until    then 

I  librium.  This  equilibrium  is  between  the  Pressure  of  the 
fluid  in  AB  (together  with  the  atmospheric  pressure  acting  through 
tending  to  push  upwards  the  column  of  water  CD,  and  the 
of  that  column,  which  (together  with  the  atmospheric 
pressure  acting  on  D)  tends  to  make  it  sink  back  into  I 
cylinder.  The  whole  outward  pressure  P  exerted  by  the  liquid 
on  fcbfl  orifice  C  must  be  equal  to  the  Weight  of  the  column  CD. 

Th«  if  the  area  of  the  orifice  at  C  be  a,  and  H  the  height  of  the 

um)  equal  to  <j  x  the  DOM  of  the    chumi  =  «  H.p.y.     A.s   tlii.s  i.s 
tributed  ovi-r  the  area  a,  on  every  unit  of  area  of  the  surface  of  the  fluid  |fei 
aount  must  be  H.pg.    Whence  the  outward  pressure  at  C  is,  per  unit  of  area, 
equal  to  1! 

Let  us  suppose  that  the  column  CD  is  one  of  water,  13*596  cm.  hi^h  ;  tin- 
per  unit  of  surface  is  H^  =  (13*596  x  1  x  981)  dynes  per  sq.  cm. 

If  at  B  a  U-tube  (a  manometer  tube)  be  fixed,  containing 

<>,:  b   quantity  of  mercury,  the  mercury  will  stead  at  the 

seme  level  in  both  branches  as  long  as  the  internal  pressure  and 

-raal  are  equal;  but  if  the  internal  pressure  be  increased, 

the  will  be  depressed  in  the  branch  nearer  the  cylinder, 

will  rise  in  the  otle.i. 

lu  the  case  supposed  it  would  (setting  aside  the  difference  of  pressure 

Ifi  difference  of  level  between  C  and  B)  Bmk  through  J  cm.  in  the  nearer 

and  rise  through  \  ciil  in  the  farther  limb  :   ;i  difference  of  1  cm.  of  mer- 

T 
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cury  being  thus  established.     This  column  of  mercury  is  that  whose  weight 
inoei  the  interna]  utiwmiiti  i  its  weight  is  (i  cob.  no.  x  13*596  x  981) 
dynflB,  .1-  tin-;  npco  i-very  square  cetitiini-iif.     Hence — 

The  pressure  on  the  surface  of  the  liquid  in  the  cylinder,  AB 
of  Pig,  L06j  may  he  equally  well  represented  in  brief  phraseology 
as  a  pressure  of  13  "5  9  6  cm.  of  water,  or  one  of  1  cm.  of  mercury. 

Exploration  of  the  pressure  in  the  interior  of  a  sta- 
tionary liquid  mass. — In  Fig.  105  let  there  be  an  aperture  in 
the  walls  of  the  cylinder  at  0  ;  through  this  aperture  pass  a  tube 
which  exactly  fits  it.  The  inner  end  of  this  tube  is  furnished 
with  a  flexible  and  elastic  cap.  The  outer  end  is  connected 
directly  or  by  means  of  iudiarubber — or,  better,  of  leaden  tubing — 
first  with  a  stopcock  (the  bore  of  which  is  the  same  as  that  of 
the  tube),  and  then  with  a  manometer  tube.  Before  the  tube  is 
passed  through  the  orifice  0  the  level  of  the  mercury  in  the 
manometer,  most  be  adjusted.  This  is  done  while  the  stopcock  is 
open,  by  pouring  mercury  into  the  manometer  tube  and  bringing 
it  to  an  exact  level  by  the  addition  or  subtraction  of  mercury  in 
the  outer  limb;  the  stopcock  is  then  closed,  and  the  tube  adjusted 
with  its  elastic  closed  end  in  the  body  of  the  cylinder.  The  stop- 
cock is  then  opened  ;  the  pressure  of  the  fluid  in  the  cylinder  on 
the  indiarubber  cap  (if  it  differ  from  the  atmospheric  pressm-  | 
alters  the  shape  of  the  rap,  and  the  mercury  in  the  manometer 
assumes  a  difference  of  level  which  indicates  the  pressure  in  the 
interior  ot  r.      If  the  cap  be  so  small  that  it  is 

collapsed    by  a    given    UCtittSUN  />,   it,    cannot  be  used   to  record 

■s  of  greater  amount  than  p.     This  defect  can  I 
either  by  using  a  larger  cap  or  else  by  using  capillary  manometers 
•  •t    uniform   bore,   in    which    the    displacement  of  a   very   small 
quantity  of  mercury  (and  therefore  a  small  compression  of  the 
indiarubber  cap)  will   serve  to   indicate   high  differences  of  pi 

If  the  cap  be  at  all  inflated  before  it  is  inserted 
within  the  cylinder,  the  elastic  recoil  of  the  cap  adds  an  un- 
known quantity  to  the  internal  fluid  pressure,  and  the  readings 
of  the  instrument  are  untrustworthy,  unless  special  connivances 
are   made  use   of  for  ascertaining    the  exact  effect  due  t<»  tliis 

OBUfla 

Figure  105  F  shows  the  essential  parts  of  another  instrument 
by  whieh  the   pi  In  the  cylinder  A 15  may  be  n.  ,    it 

is  substantially   identical   with    Bourdon's   Steam   Gauge.      A 
hollnw   tab*  of  elastic  metal   having  an   elliptical  cross- 
bent    into   th«-    shape    of   a    Q,  and    filled    with    liquid   (alcohol. 
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glycerine,  water,  or  oil),  suffers  changes  of  shape  under  the 
influence  of  changes  of  pressure   in   the  i   fluid.      When 

the  internal  pressure  increases,  the  Q  straightens  out ;  when  it 
decreases  it  becomes  more  curved. 

The  pressure  crnas-wotion  tends  to  become  more  circular 

(ill-  of  greatest  area  for  least  circumference) :  the  surface 

and  th«* -<.  .tun.-  are  constant ;  the  curvature  across  1 1  ICNttlng 

that  along  the  tube  JtmlTlilhll.  ami  tin;  hlbc  BtnigbtBDI  ont 

Sik.Ii   ii  tube  is  continuous  with  a  box  or  cavity  containing 

liquid,  which  may  in  its  turn  be  continuous  with  the  liquid  of  the 

cylinder  when  the  surface-pressure  has  to  be   found,  or  may  be 

masted   merely  with  an  indiarubher  cap   like   that  inserted   as 

an  exploratcur  in  orilice  O  of  the  same  figure. 

For  ■  peal  work  this  principle  in  applied  in   Fick'a  F'.Mlermano- 

meter,  in   w  iillr.l   with  ulmhol,   and  tin-  tnl-rs  wl 

intervene  between  it  and  those  bloodvessels  in  whioh  the  blood-pressure  has 
to  be  determined  are  611ed  with  a  solution  of  bicarbonate  of  soda  of  a  up.  gr. 
•  ■f  1-083  ;  this  being  (Cyon)  the  strength  of  solution  which  most  markedly 
checks  any  tendency  to  coagulation. 

A  gives  amount  of  bend  of  the  Q-tube  may  be  interpreted  as 
signify) ir/  exposure  to  a  certain  amount  of  pressure,  if  the  instru- 
ment be  previously  graduated  by  rinding  the  relation  between 
certain  known  pressures  and  the  distortions  produced  by  them. 

The  instrument  S  in  Fig.  105  is  the  sphygmoscope  of 
Marey.  The  tube  a  is  closed  by  an  elastic  cap  which  projects 
into  the  Lumen  of  the  wider  tube  fc;  a  and  its  cap  are  filled  with 
liquid,  which  is  continuous  with  that  of  the  cylinder;  the  pressure 
withm  the  Cylinder  forces  the  fluid  into  the  cap   until   the  elas- 

:v  of  the  cap  and  the  pressure  of  the  liquid  are  in  equilibrium : 
the  air  in  the  tube  b  is  compressed,  and  the  pressure  is  com- 
municated to  a  manometric  capsule  or  other  registering  apparatus, 
the  displacement  of  the  level  of  which  may  be  made  by  prelimi- 
nat  ndieate,  in  terms  of  mercury-column,  the  value 

of  the  pressure  to  be  measured. 

The  instrument  M  is  the  manometre  me'tallique  in- 
scripteur  of  Many.  An  elastic  metallic  capsule  filled  with 
liquid,  which  is  continuous  with  that  of  the  cylinder  AK,  plays 
in  this  instrument  a  part  which,  in  principle,  is  exactly  the  same 
as  that  of  the  elastic  cap  in  the  spliygmoscope  S, 

Measurement  of  Variable  Pressure. — If  the  pressure  in  the 
cylinder  AB  of  Fig.  1U5   be  variable — as,  for  example,  if  the 

*.on  A  oscillate — the  various  manometers  represented  in  the 
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figure  will  give  oscillating  readings.  The  manometers  at  B  or  O 
and  the  piezometer  at  C  are  subject  in  action  to  the  defect  that, 
when  a  single  momentary  increase  of  pressure  produces  a  rise  of 
the  liquid  or  of  the  mercury  in  the  column,  the  column  does  not 
return  promptly  to  its  mean  position  when  the  additional  pressure 
is  taken  off,  but  oscillates  like  a  pendulum  for  a  period  of  time 
more  or  less  protracted,  until  at  length  friction  and  viscosity  bring 
it  to  rest.  If  the  piston  A  oscillate,  its  movements  are  not 
faithfully  reproduced  by  the  oscillations  of  the  mercury  manometer, 
for  the  latter  depend  on  (1)  the  weight  of  the  column  of  liquid 
lifted  at  each  displacement  from  the  mean  position  ;  (2)  the 
variations  of  internal  pressure  tending  to  make  the  column  assume 
new  mean  positions ;  and  (3)  on  friction  ;  and  they  are  the  result 
of  the  composition  of  two  sets  of  oscillations,  the  one  due  to  the 
variations  of  pressure  in  AB  (and  agreeing  with  these  variations 
in  period,  but  not  in  form  or  amplitude  or  phase),  while  the  other 
set,  the  pendulum- oscillations  of  the  manometer- column  (which 
may  even  overpower  the  former  if  the  mass  of  mercury  be  great 
or  if  the  tubes  be  wide  and  offer  little  resistance),  are  due  to  the 
inertia  of  the  mercury,  but  vanish  if  the  fractional  resistance  be 
very  great.  The  oscillations  of  the  mercury  may  be  checked  by 
making  one  part  of  the  manometer-tube  capillary  (Marey's  mano- 
rnetre  compensateur),  or  by  interposing  a  stopcock  (Setschenow) 
the  orifice  of  which  can  be  narrowed  till  all  oscillations  are  cut 
off,  the  instrument  then  recording  merely  the  slow  variations  of 
mean  pressure 

Kick's  instrument  F  is  damped  (prevented  from  oscillating 
in  virtue  of  its  own  elasticity)  by  connecting  with  the  writing 
levers  a  disc  immersed  in  glycerine,  as  shown  in  the  figure:  the 
viscosity  of  the  glycerine  causes  all  secondary  oscillations  rapidly 
to  die  away.  The  result  is  that  the  Federmanometer  is  very 
trustworthy  as  a  recorder  of  the  general  form  of  the  variations  of 
pressure  in  AB.     The  sphygmoscope  and  the  metallic  far, 

not  having  much  inertia  to  combat,  render  accurately  the  general 
form  of  the  variations  of  pressure,  especially  if  in  the  liquid 
surrounding  the  elastic  capsules  in  the  latter  instrument  there  be 
lightly  packed  a  number  of  bite  of  sponge  to  check  elastic  vibra- 
tions of  the  capsules;  but  all  the  different  forms  of  pressure- 
indicators,  with  the  exception  of  those  shown  at  O,  C,  and  B, 
require  preliminary  graduation  before  their  indications  can  be  held 
to  denote  the  absolute  value  of  the  pressures ;  and  further,  this 
preliminary  graduation  must  be  frequently  repeated. 
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3.  The  Kinetics  of  Liquid  Masses. 

Streams. — When  a  liquid  flows  in  a  stream,  its  particles  do 
DOt  become  separated  from  one  another  to  any  perceptible  extfl 
and  the  liquid  usually  preserves  its  mean  density.  The  liquid 
moves  as  a  whole  and  has  inertia,  as  may  be  seen  in  a  rapid  and 
full  stream  leaping  over  a  chink  into  which  a  slow  or  meagre 
stream  would  be  pulled  by  gravity. 

This  principle  is  eonictiuuH  Bifida  use  of  in  order  to  prevent  an  excess  of 
rain-water  entering  drain-pipes ;  a  sloping  gutter  has  chinks  in  it,  opening 
the  drainage  system  :  when  the  gotten  become  flooded,  the  water  rushes 
OTer  these  chink*,  and  the  comparatively  pure  water  is  directed  elsewhere 
than  into  the  sewage,  the  excessive  dilution  of  which  may  be  considered  as  a 
commercial  evil. 

When  once  a  steady  stream-flow  has  been  set  up,  it  can  in 
general  be  maintained  by  the  maintenance  of  the  supply  of  liquid 
and  of  the  propelling  force. 

Steadiness  of  flow  is  favoured  in  actual  cases  by  viscosity,  by  a  free 
bounding  surface,  by  converging  solid  boundaries,  by  a  stream  passing  round 
a  curve  with  its  greatest  velocity  externally. — (Osborne  Reynolds.) 

In  any  steady  stream  there  may  be  drawn  a  series  of  imagin- 
ary lines,  which  represent  the  direction  of  movement  of  the  elements 
of  liquid  through  which  they  pass.  These  lines  are  called  Stream- 
lines, or  Lines  of  Flow.  As  long  as  a  stream  retains  tl. 
breadth  and  form,  these  lines  may  be  considered  parallel  to  one 
another ;  if  the  stream  widen  out  they  diverge ;  if  it  contract 
they  converge.  Such  lines  are  shown  in  Kg,  106,  which  re 
nenta  a  steady  stream  of  frictionless  liquid  flowing  either  from  A 
towards  C,  or  from  C  towards  A. 


Fig.lOC. 


Law  of  Continuity. — If  we  consider  successive  sections,  equal 
or  unequal,  taken  across  a  liquid  stream,  it  is  plain  that  the 
amount  of  liquid  which  crosses  each  section,  during  any  given 
interval  of  time,  is  equal  in  each  case :  otherwise  there  would  be 
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congestion  at  some  part  of  the  stream.  In  Fig.  106  the  amount 
of  liquid  which  crosses  A  or  C  in  a  second  must  be  equal  to  that 
which  crosses  B:  in  other  words,  the  Amount  of  Flow  across 
all  sections  of  a  liquid  stream  is  the  same.  This  may  he  other- 
wise expressed  by  saying  that  at  any  part  of  a  stream  the  velocity 
varies  inversely  as  the  area  of  section  at  that  part:  if  the  stream 
be  broadened  out  so  as  to  have  a  tenfold  cross- section,  its  velocity 
Increased  to  one-tenth.  The  statement  of  this  law  is  due  to 
Lionardo  da  Vinci. 

Forces  producing  flow. — If  a  perfect  liquid,  exercising  no 
intramolecular  friction  and  no  friction  on  the  walls  of  the  canal 
or  tube  conveying  it,  were  once  set  in  motion  (say  in  a  closed 
circuit  or  circular  tube),  it  would  go  on  moving  without  the  con- 
t  inued  application  of  force.  The  energy  actually  expended  on 
the  liquid  in  producing  its  movement  would  remain  in  the  fluid- 
mass,  the  velocity  of  which  would  consequently  remain  unaltered. 
Such  a  liquid  might  be  exposed  to  a  severe  hydrostatic  stress — 
as,  for  example,  if  such  a  perfect  closed  stream  were  contained  in 
'  i  imtinuous  flexible  tube  exposed  to  the  weight  of  I  mass  of 
liquid  in  which  it  was  deeply  immersed  at  the  one  level — and 
yet  the  flow  would  not  be  affected.  A  hanging  loop  of  tubing 
containing  a  circulating  liquid,  of  winch  the  lower  part  is  exp<4 
to  a  greater  pressure  Hum  the  Upper,  will  present  a  turgidity  of 
the  lower  part  of  the  loop  if  the  tubing  DS  distensible,  while  if  it 
he  r.   will  1  pansion  of  the  stream;  in  the  latter 

case  the  flow  will  not  he  aflccted  ;   in  the  former  the  expansion  of 

the  stream  affects  the  local  reloi otfetes,  and  fchei  distribution 

of  the  energy  of  the  system,  but  the  mean  > 
constant.  In  the  case  of  a  suspended  loop  of  distensible  tubing 
the  indirect  effect  of  gravity  is  thus  to  diminish  the  velocity  of 
the  lower  part  and  to  increase  that  of  the  upper  part  both  of  the 
i  ending  and  of  the  ascending  parts  of  the  stream  ;  but  on  the 
unt  of  flow  it  may  produce  no  eH« 

Flow,  on  the  one  hand,  and  hydrostatic  pressure  uniformly 
applied,  on  the  other  hand,  are  thus  seen  to  he  perfectly  distinct 
conceptions,  and  in  a  perfect  fluid  they  might  be  independent  of 
one  another;  but  in  every  physical  fluid  viscosity  and  frict 
come  into  play,  and  flow  can  only  be  kept  op  by  maintaining  a 
difference  of  pressure  within  the  fluid,  considered  as  a  whole 
from  end  to  end.  As  the  flow  is  fctpt  up,  so  is  it  started  i 
column  of  liquid  in  equilibrium  may  be  made  to  flow  by  locally 
increasing  the  pressure  or  by  locally  diminishing  it. 
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If  the  pressure  at  a  point  A  be  p  ,  find   tlint  at   a  point   H  Ik-  p 
difference  of  pressures  between  these  two  points  is  p    -  p  .     The  difference 
of  pressure  per  unit  <>f  distance  i«  C/j   -  p  )/AB.     The  force  producing  the 
flow  depend*  on  this  ratio;  ami    tin*   greater   Boa   rati-',  t  li«*  ^'renter  (hut  not 
in  direct  proportion,  see  p.  2S7)  ia  the  velocity  produced* 

Small  velocities  are  associated  with  small  differences  of  pres- 
sure ;  or.  in  other,  words,  with  relatively  great  distances  between 
points  whose  differ  aci  of  pressure  is  equal  to  any  predetermined 
quantity,  say  a  unit  of  force.  When  the  velocity  is  great,  the 
points  between  which  the  difference  of  pressure  is  unity  are 
relatively  near  to  one  another.  The  theory  of  Elow  from  this 
|>oint  of  view  resembles  that  of  Potential :  surfaces  of  equal 
pressure  correspond  to  equipotential  surfaces ;  Lines  of  Flow  or 
BtRun-Linea  correspond  to  Lines  of  Pen 

When  the  liquid  is  driven  through  a  long  uniform  tube  l! 
18,  at  the  orifice  of  inflow,  a  certain  initial  pressure  ;  at  the  other, 
the  orifice  of  outflow,  there  is  no  pressure  at  all.  If  the  liquid 
be  driven  by  an  equal  force  through  a  shorter  tube,  the  pressure 
>  in  the  same  way,  but  docs  bo  more  rapidly,  and — since 
a  greater  difference  of  pressure  per  unit  of  length  is  associated 
with  greater  velocity — the  velocity  is  greater  than  in  the  Longer 
tube.  The  shorter  the  tube  the  greater  the  velocity,  other  tilings 
being  equal.  The  shortest  tube  possible  would  be  a  plain  aperture 
in  the  side  of  the  vessel  from  which  the  li<|  s.      In  t 

case  the  liquid  at  once  assumes  the  greatest  velocity  which  it  can 
acquire  under  the  action  of  a  given  pressure. 

"Head  of  Water." — In  the  case  of  a  vessel  containing 
water  which  passes  out  through  an  aperture,  the  pressure  driv- 
ing the  lea  through  the  orifice  is  the  hydrostatic  pres- 
sure on  that  orifice ;  it  is  therefore  equal  (if  the  area  of  the 
!ice  be  a  and  the  height  of  the  surface  of  the  liquid  above 
the  centre  of  figure  of  the  orifice  be  II)  to  n.W.pg.  The 
;ht  H  is  known  as  the  Head  of  the  liquid  producing  the  pres- 
sure, and  the  "Head  of  Water"  is  a  term  familiar  to  hydraulic 
engineers. 

Torricelli's  Law. — If  v  be  the  constant  velocity  of  outflow 

of  a  stream  passing  out  of  a  vessel  under  the  pressure  of  a 

-taut  head   II,  v  =.  \f1<j\\.      If  the   aperture  be  in   the  sides 

of  the  vessel,  the  liquid  issues  with  velocity  v  at  right  angles  to 

the  walls  of  the  vessel ;  its  horizontal  velocity  becomes  combined 

rith  a  new  downward  fall  due   to   gravity,  and  the  liquid  travels 
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in  .1  |i;ir.il»olir  ]>;tth,  forming  B  continuous  parabolic  Jet.  The 
form  of  the  parabola  indicates  the  proportion  between  v  and  y  ; 
and  thus  r  is  found  to  differ  very  little  (one  per  cent)  from 
Torricclli's  value,  v  =  vfyH.  It  i9  somewhat  greater  the  more 
convex  the  wall  of  the  vessel.  The  amount  of  outflow  per  unit 
of  time  is  not,  however,  the  product  of  the  area  of  the  aperture 
into  the  velocity;  it  is  only  about  fife  of  that  amount. 

The  Vena  Contracta. — The  issuing  jet  may  be  observed 
(especially  when  it  is  directed  upwards)  not  to  be  perfectly 
cylindrical,  but  to  diminish  in  diameter  from  the  aperture  to  a 
spot  called  the  vena  contracta,  whose  position  i9  sometimes 
somewhat  difficult  to  define.  This  conical  form  is  due  to  the  fact 
that  the  onward  flow  of  liquid  is  not  confined  to  that  part  of  the 
i  I  which  exactly  faces  the  aperture,  because  the  lateral  parts 
Of  thfl   liquid    converge   on    the   orifice;    thus   the    most    exf 

1 1 -lines  of  the  jet,  which  are  at  first  tangential  to  the  wall  of 
the  vessel,  assume  a  direction  at  right  angles  to  this  wall,  changing 
their  direction  gradually,  and  therefore  presenting  a  curved  form 
as  shown  in  Fig.  107.  From  the  vena  contracta  onwards  the  jet 
is  approximately  cylindrical,  and  presently 
breaks  up  into  drops,  which  (especial! 
any  vibration  affect  the  vessel  from  which 

are  found  to  he  oscillatim 
form,  each  becoming  alternately  a  prol 
and  an  oblate  spheroid.     The  unaided 
cannot  perceive  these  separate  drops 
recognises  the  vein  as  continuous  though 
S*  troubled.    When,  BOW"  I  - n .  t  bfl  jet  is  instan- 

taneously illuminated  by  the  electric  spark,  and  its  momentary 
shadow  upon  a  screen  observed,  the  existence  not  only  of  these 
separate  drop*,  but  also  of  others  of  a  smaller  size  occupying 
intermediate  positions,  may  be  demonstrated  with  ease ;  for  the 
instantaneous  impression  on  the  retina  persists  for  the  sixth  part 
of  a  second,  and  the  shadow  of  the  jet  appears  stationary  on  the 
eoreea  The  jet  may  also  be  looked  at  through  a  Stroboscopie 
Disc,  a  rotating  disc  provided  with  equidistant  narrow  apertures. 
Through  each  aperture  a  glimpse  is  caught  of  the  jet  in  a  certain 
l>osition.  ft'  the  rate  of  rotation  of  the  disc  be  properly  ad  p. 
each  successive  glimpse  is  caught  just  when  each  falling  drop 
has  had  its  place  taken  by  its  successor;  and  thus,  on  the 
whole,  under  such  a  succession  of  glimpses  the  jet  appears  to 
be  stationary. 
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Ihil  phenomenon  is  one  of  free  fall  in  the  air,  for  the  break-up  into  drop* 
.rreatly  on  surface-tension  ;  a  liquid  cvliuikr  of  8U6Hhv  length  and 

■.  a  free  surface  first  assumes  an  uinlulatiiiK  contour,  ;in<l  thou  breaks  up 
into  aepftmte  vibnting   drop*,    n  has  shown.      The  vibrations  of 

liquids  in  tubes  are  therefore  not  to  be  explained  as  phenomena  of  this  kind. 

Ajutages. — The  amount  of  outflow  from  an  aperture  in  the 
wall  of  a  vessel  is  greatly  influenced  by  the  form  of  the  ajutage 
or  mouthpiece  through  which  the  liquid  passes.  This  may  be 
made  so  as  to  present  the  same  form  as  the  jet  itself,  and  if  it  be 
prolonged  just  as  far  as  the  vena  contractu,  the  amount  of  outflow 
becomes  equal  to  the  product,  area  x  v  X  time ;  not  because  the 
outflow  is  itself  altered,  but  because  the  area  of  the  orifice  of 
ilow  is  reduced  so  as  to  become  equal  to  (amount  of  out- 
How  r(),  the  terms  of  this  ratio  being  unaltered.  If  the  ajutage 
project  inwards,  the  outflow  and  the  velocity  are  materially 
diminished.      If  the   ajutage  project  outwards,  being  cylindrical, 

cylinder,  if  its  walls  be  wetted  by  the  liquid,  is  completely 
filled  by  it,  the  j  indrical,  and   the  outflow  is  greater  than 

when  there  is  no  such  ajutage.  The  liquid  is  drawn  towards  the 
Of  ill.-  cylinder,  and  conversely,  the  sides  of  the  cylinder  are 
drnwn  towards  the  liquid  Hence  there  is  no  pressure  exerted 
■  is  the  walls  of  the  tubular  ajutage ;  on  the  contrary,  there  is 
.  and  if  any  part  of  the  walls  of  the  tube  be  mobile,  it 
will  be  drawn  into  the  stream. 

Lateral  diminution  of  pressure. — If  through  a  tube  of  the 
form  shown  in  Fig.  108  there  pass  a  current  of  liquid  in  the 
branch  AB  under  a  pressure  which 
is  barely  sufficient  to  keep  up  a 
stream  filling  the  tube,  the  mutual  - 
attraction  of  the  walls  of  AB  and 
the  liquid  will  put  the  liquid  in  AB 
in  a  state  of  tension  and  diminish 
the  pressure  in  AB.  In  the  side 
tube  CD  a  certain  column  of  liquid 
can  be  supported  in  consequence  of 
the  diminished  pressure  in  AB.  If 
this  rise  to  the  point  C,  the  upper  layers  of  the  column  DC  will 
be  constantly  carried  off  by  the  stream  BA,  and  thus  a  stream  is 
set  up  in  the  direction  DC.  If  the  pressure  in  the  main  pipe  AB 
be  too  great,  liquid  will  be  driven  down  CD. 

The  former  action  is  by  some  considered  as  explaining  the  flow  of  lymph 
up  the  thoracic  duct 
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The  same  kind  of  suction-effect  may  lie  perceived  in  the  older  forma  of 
washhand-busiiH  OOtttteotod  with  a  hOQM  'iiain  pipe  by  a  Miuple  bent  tube  or 
trap  ;  I  duwilHtth  of  liquid  along  the  main  pipe  produces  a  deficiency  of 
pressure,  which  allows  the  atmospheric  pressure  communicated  through  the 
basin  to  drive  1 1 1 . •  Liquid  which  seals  the  trap  into  the  drain  pipe,  and  thus 
to  leave  a  channel  patent  to  the  entry  of  sewer  gas. 

jnrculiarly  beautiful  forms  presented  by  jets  under  various  circum- 
stances are  described  and  figured  by  Savart  in  the  AnnaUs  de  Ckimie  tt  dt 
Physiqtu,  vols.  54  and  55. 

If  two  vessels  having  an  aperture  in  each  of  the  same  sire,  shape,  and  at 
the  same  level,  be  so  ar  t  these  apertures  are  exactly  opposite  OXH) 

another  and  close  together:  if  liquid    !•    |>  rMd,  it  will 

run  into  the  otber,      The  vessels  iu;i\  tlun  be  removed  to  ■  nttiin  distance 
from  one  another,  and  bhfl  liquid  will   continue   to   pass   fruiu   the   one  vessel 
Into  the  other,  through  a  IBM   bDDtd    of  Iti  own   mptrflcial    ti  1  m,  until 
Mime   KfVil   is   m  arlv  attaim  ■<!  j   then   the  liquid   begins  to  flow  out  of  l>oth 
vessel-,  and  1 1 1 »-  two    p-t  -.   meeting,  BpEeod    out  into   a   idiect    win  v.-n 

back  aud  fore  between  the  two  ortftoflf  as  the  liquid  So  the  one  or  the  otlor 
vessel  stawlK  for  the  moment  at  the  higher  level. 

Energy  of  Jet. — If  Tonic -elli's  law  held  perfectly  good,  that 
v  s  si'  II  the  velocity  would  l>e  the  same  as  if  every  par- 
ticle had  fallen  from  the  surface  of  the  liquid  to  the  orifice,  and 
had  passed  out  of  the  orifice  with  a  velocity  due  to  its  fall 
through  the  height  II. 

The  outflowing  jet  would  thus  convey  with  it  kinetic  energy  equal  to 
t>*/2,  or  to  9 II,  per  unit  of  mass. 

This  would  be  absolutely  the  case  were  it  not  for  friction  and 
viscosity.  If  the  level  of  liquid  be  maintained  constant  by  a 
continued  supply,  the  velocity  is  constant  At  the  instant  when 
the  whole  of  the  original  liquid  has  passed  out  through  the  orifice, 
the  experiment  may  be  stopped.  The  liquid  which  has  passed 
out  has  conveyed  with  it  energy  =  \m&  =  wi.yH  if  Torricelli's 
law  be  true.     At  the  commencement  of  th<  meat  it  had 

potential  energy  (mass  m  at  an  average  height  of  £H)  of  -Jw -.'II 
only.      It  has  therefore  gained  energy  =  \mg\i.    This  energy  has 

n  lost  by  the  water  which  has  replaced  it,  and  sunk  from  the 
surface'  to  an  average  depth  of  £H  below  the  surface,  thus  losing 
potential  energy  \rngB.  without  any  compensating  gain  of  energy 
in  any  other  form. 

The  same  principle  is  illustrated  in  the  following  experiment.  One  cork 
of  a  WoultT*  bottle  completely  filled  with  \d  with  a  piece  of  glass 

tube  drawn  out  so  as  to  form  a  jet ;  the  other  cork  admits  a  tube  leading 
DD  a  vessel  containing  mercury;  the  mercury  is  caused  to  full 

tttf  water  which  already  fdls  the  bottle  is  driven  out  I 
great  velocity  in  u  thin  stream.     The  mercury  sinking  through  the  water 
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lotes  eangr  proportiooa]  to  its  density  (m$H  «  r^H) ;  the  water  forced 
oat  acquires  this  energr,  sad  brace  has  s  great  velocity  imported  to  it. 

Velocity  of  Outflow. — Tomcelli  s  law  shows  that  the  veloc  i  ty 
tid  issues  through  an  aperture  varies  as  the 
square  root  of  the  head  of  water  or  the  pressure ;  or  thnt  the 
head  of  water  necessary  to  produce  a  certain  velocity  in  a  free 
stream  of  liquid,  subject  to  no  resistances,  is  proportional  to  the 
square  of  the  velocity. 

Any  pressure  exerted  on  a  liquid  may  be  measured  as  Head 
of  the  same  liquid  or  of  water. 

Example. — The  pressure  at  the  bottom  of  s  column  of  water  10333 
cm.  deep  is  equal,  per  sq.  em.,  to  the  weight  of  1033 '3  grammes.  The  atmos- 
pheric pressure  on  the  surface  of  a  liquid  is  equal  to  tlu>  same.  H.me  Qm 
atmospheric  pressure  is  equal  to  that  of  a  head  of  water  of  1033  3  cm.  Water 
at  a  depth  of  10333  cm.  uml.-r  h  water-surface  exposed  to  the  atmosphere  is 
ii  pressure  as  if  it  lay  at  ■  depth  of  2066*6  ML  of  wut.-r 
under  a  free  surface  not  exposed  to  the  atmosphere.  In  a  vessel  filled  with 
water,  1033*3  cm.  deep,  provided  with  an  aperture  in  its  loiW  HM  I 
aperture  communicating  with  a  vacuum,  and  the  upper  surface  "f  the  liquid 
communicating  with  the  atmosphere,  the  velocity  of  outflow  will,  ntvurdiiiL* 
to  Torricelli's  law,  be  %/2  x  981  x  2066*6  -  2013*0  cm.  per  sec,  while,  it 
the  lower  aperture  were  also  in  communication  with  the  atmosphere,  tin- 
effecti  w  head  of  water  would  he  1033*3  cm.  and  r  ■  N  2  x  981  x  1033*3  = 
1423*8  cm.  per  sec. 

The  pressure  produced  by  compression,  as  iu  pressing  homo  n 
syn  ttive  pressure  produced  by  rarefaction,  us  in  pull- 

up  the  handle  of  a  syringe,  may  all  be  measured  in  the  same 
way.     In  general,  when  a  fluid   is  noted  QpCB  by  a  number  of 
-sures  corresponding  to  the  respective   In- a. Is  of  the  same 
fluid  H,  H(,  HH,  etc..  the  velocity  of  outflow  of  fcbe  Huid  through 
an  orifice  is  v  =  v^  (li  +  11,  +  !!„  +  etc) 

The  speed  of  outflow,  Vl^/H,  does  not  depend  upon  pt  the 
density;  all  liquids — ether  and  mercury — issue  will-  aqua] 
velocities  under  the  action  of  equal  heads  of  their  own  sub- 
stance. 

Recoil. — The  law  of  action  and  react  inn  perfectly  applies  to 
liquid  jets  and  to  the  vessels  from  which  they  issue.  The 
ihdraulic  Tourniquet  is  an  example  u  Containing  \\; 

and  capable  of  rotating  on  an  axis:  pipes  ending  obliquely  issue 
from  its  sides :  water  runs  out  of  these  pipes:  tod   by  B  action 
driven  backwards.      Sinoe  tiny  are  not  fitted  to  an  im- 
movable cistern,  hut  to  one  free  to  rotute,  the  whole  rotates,  I 
thus  the  contrivance  may  be  used  to  convey  water- power,  tli»- 
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water  constantly  running  into  the  rotating  cistern,  and  running 
out  of  the  obliquely-set  exit  pipes. 

Resistances. — When  a  fluid  stream  passes  through  a  tube  or 
a  channel  it  experiences  different  retarding  resistances,  which  con- 
vert energy  of  motion  into  heat,  and  of  which  the  following  are 
the  chief: — Surface  Adhesion,  Surface  Friction,  Inequalities  of 
the  Surface  of  the  bounding  solid,  Eddies,  and  Fluid  Viscosity. 

Surface  Adhesion. — If  a  liquid  wet  the  walls  of  the  tube  or 
channel  through  which  it  passes,  the  layer  of  liquid  which  is  in 
contact   with   the  walls   does   not   change  except  by  molecular 

ision  and  exchange.  It  remains  in  situ  while  the  liquid 
Hows  past ;  in  Other  words,  then  is  infinite  friction  between  I 
layer  and  the  walls  wetted  by  it.  This  gives  great  scope  to  the 
viscosity  of  the  fluid,  though  it  itself,  when  once  the  flow  has 
been  set  up,  does  not  directly  cause  any  waste  of  energy.  While 
the  walls  are  being  wetted  there  is  a  slight  liberation  of  heat,  due 
to  the  satisfaction  of  the  mutual  molecular  attractions  between 
the  liquid  and  the  walls. 

Surface  Friction. — If  the  liquid  do  not  wet  the  tube 
through  which  it  passes,  the  surface  of  the  moving  liquid  and 
the  walls  of  the  vessel  rub  against  one  another,  and  energy  is 
lost  in  overcoming  this  friction.  Loss  of  kinetic  energy  is  also 
caused  by  roughnesses  on  the  walls  of  the  tubes  or  channels, 
which  give  rise  to  little  eddies  or  whirlpools. 

Eddies  are  produced  when  a  moving  fluid  is  subjected  to 
iinsyniinetrical  retardations.  The  cases  in  which  eddies,  whirl- 
pools, vortex-rings,  rolling  and  tumbling  water,  and  the  like,  are 
produced  are  extremely  numerous.  Water  flowing  in  a  tube 
which  suddenly  widens  or  suddenly  narrows  generally  presents 
such  eddies  at  the  point  of  sudden  enlargement  or  contraction. 

The  production  of  eddies  is  favoured  by  mobility  of  the  liquid,  by  varia- 
tions of  velocity  at  different  ports  of  the  cross-section  of  the  stream,  by  rigid 
bounding  walls,  by  diverging  boundaries,  by  curvature  with   the   gn  . 
velocity  internally.— {Osborne  Keynolda.) 

Viscosity. — When  a  disc  or  cylinder  susj^nded  in  a  fluid  is 
caused,  by  twisting  the  supporting  wire  or  wires,  to  enter  Bnto 
oscillations,  it  is  found  that  the  oscillations  soon  die  a  v. 
though  they  continue  isochronous,  their  amplitude  diminishes ; 
and  the  amplitudes  of  any  two  oscillations  stand  to  one  another 
in  a  constant  proportion.  If  the  disc  or  cylinder  be  wetted  by 
the  fluid,  the  layer  immediately  in  contact  with  the  solid  remains 
in  contact  with  it ;    this   film,  moving   with   the   solid,  sets  in 
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motion  the  film  next  m  contact  with  it,  and  that  in  its  turn  sets 
tin;  next  in  motion.  Each  film  goes  through  a  displacement  BOOH  - 
what  less  extensive  and  more  retarded  than  the  one  gone  through 
by  the  film  which  sets  it  in  motion.  Continuous  rotation  of  the 
disc  or  cylinder  would  in  time  cause  the  whole  fluid  to  rotate  : 
but  the  influence  of  an  oscillating  disc  travels  a  very  sh 
distance,  for  half  an  inch  away  from  the  disc  the  fluid  remains 
undisturbed  Within  this  small  distance  the  liquid  performs 
oscillations  which  in  period  resemble  those  of  the  oscillating  disc, 
but  which  in  amplitude  are  less,  and  in  phase  more  retarded,  the 
greater  the  distance  from  the  disc.  This  lagging  behind  on  the 
part  of  the  liquid  has  the  effect  of  dragging  on  the  disc  and  of 
gradually  bringing  it  to  rest 

It  the  disc  be  wetted  the  retardation  is  independent  of  the 
nature  of  the  material  of  the  disc,  for  there  is  no  velocity  lost 
by  friction  between  the  solid  and  the  liquid.  If  the  disc  be  not 
wetted,  there  is  distinct  friction  (external  friction)  in  addition  to 
the  viscosity  (internal  friction). 

The  Coefficient  of  Viscosity  serves  as  the  means  of  measur- 
ing the  viscosity  of  a  substance.  We  have  already  seen  that  it 
is  equal  numerically  to  the  force  which  is  necessary  to  maintain 
a  flow  of  one  layer  of  one  unit-area  past  another  of  the  same 
area  with  a  relative  velocity  of  one  unit,  the  distance  between 
the  layers  being  unity,  and  the  space  between  them  continuously 
rilled  with  the  viscous  substance. 

If  F  be  the  force  required  to  keep  up  the  flow  of  two  layers  past  each 
other,  their  area  being  each  a,  their  MgptctifB  distances  from  a  plane  of  re- 
ace  being  rt  and  r  (  and  their  distance  from  each  otfatt  tlttix-fore  r  -  r  /  ; 
heir  respective  velocities  be  vt  and  vti1  and  their  relative  velocity  vt  -  r 
.aid  if  the  coefficient  of  viscosity  be  i;,  F  =  t) .  a  (t\  -  vti)  (ri  -  rn> 

In  the  case  of  water  at  0°*6  C.  this  coefficient  is  0*01 73, 
at  45°  C,  005833,  at  90°  C,  0*00339  (Meyer),  while  that  of 
•   which  obeys  the  same  laws,  is  -00017   (1  +  0*00733  6), 
where  8  is  the  0.  temperature  ;  all  expressed  in  C.G-.S.  units. 


Though  the  density  of  air  is  r^th  that  of  water,  its  viscosity  is  as  much 
as  TOjth  that  of  wnter.     For  brass,  u  is  about  300,000,000,000*.     Mi 
is  more  viscous  than  dry  air  :  hot  air  is  more  viscous  than  cold  air. 


Hot  water  is  less  viscous  than  cold.     Most  saline  solution- 
are  more  viscous  than  water,  saltpetre  solution  being  an  excep- 
tion.    Most  saline  solutions  are  more  viscous  the  more  concen- 
*  0.  E.  Meyer,  Poyg.  Ann.,  vol.  oxlviii.,  1873. 
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trated  they  are,  saltpetre  solution  being  again  an  exception — 
fcfej 

The  experimental  determination  of  the  coefficient  rj  by  means  of  observa- 
tions made  with  the  aid  of  an  oscillating  disc  involves  much  mathematical 
computation,  and  it  is  often  quite  sufficient  to  record  the  so-called  Loga- 
rithmic Decrement  or  log.  dec.  special  to  each  liquid.  Let  us  suppose 
that  thti  oscillating  di.se  or  cylinder  first  turns  through  the  angle  u>  \ 
tli''  next  oscillation  its  deviation  from  its  inenn  position  is  j^  u>  ;  that  at 
the  third  it  is  ffa  x  -f£a  x  u>  ;  and  so  forth.     Then  each  mm  until  angle 

I'.ial  t<>  thfl  one  immediately  preceding  multiplied  by  T0^  ;  its  log.  if  equal 
to  the  log.  of  tin-  preceding  angle  of  oscillation  plus  that  of  y^,  or  minus  the 
log.  of  -T^p  ;  thut  is,  minus  '0043648.  Such  a  constant  dill'i-ivm •«•  in  the 
logarithms  of  the  successive  angles  of  oscillation  is  the  log.  <!tc.  for  the  par- 
ilar  substance  whose  viscosity  it  measures.  Under  Poiseuille's  law  (p.  292) 
we  shall  find  a  simple  method  of  measuring  tlie  value  of  7. 

Effect  of  Viscosity  on  a  stream  of  liquid — The  external 
layer  is  at  rest.  The  axial  parts  of  the  stream  are  less  influenced 
by  viscosity.  The  velocity  of  the  axial  part  of  the  stream  is 
greater  than  that  of  the  peripheral;  the  fall  of  pressure  is  tin 

1  iu  the  centre  of  the  current.     The  fall  of  pressure 
bein  kSt  in  the  centre,  the  external  parts  of  the  stream  tend 

to  move  into  the  centre,  and  to  have  their  velocity  ited. 

In  capillary  tubes  the  axial  stream  travels  with  a  greater  speed 
than  the  average  as  determined  by  Poiseuille's  Law,  to  be 
'.■  stated 

Constant  flow  through  uniform  rigid  pipes. — Hie  pres- 
sure which  is  necessary  to  keep  up  a  continuous  flow  of  water 

Fig.  109. 


in  a  uniform  pipe,  £F  in  FSgi  109,  may  be  produced  by  a  total 
head  H  of  water  in  a  vessel  (a  pressure-vessel.  A 1 X  1 »  m  the 
figure),  this  height  H  being  maintained  constant     U 
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observed  to  issue  from  F,  with  a  constant  velocity  v ;  this  velocity 
would  (if  there  had  been  no  resistances)  have  corresponded  to  a 
head  hv=zvIj 'l'i ;  this  may  be  considered  (so  far  as  the  velocity 
and  the  kinetic  energy  of  the  outflowing  stream  at  F  are  con- 
cei:  m  the  effective  head  of  water  at  l\  the  orifice  of  exit: 

it  may  be  called  the  "velocity-head."  This  velocity-head,  GJ, 
is  equal  in  all  parts  of  the  tube. 

The  hydrostatical  pressure  in  the  immediate  neighbourhood  of 
F  is  necessarily  null  ;  that  at  E,  just  within  the  pipe  EF,  is  less 
than  the  pressure  (  =  aSpg  per  unit  of  area)  corresponding  to  H, 
the  original  head  of  water ;  it  corresponds  to  a  head  hp  (the 
pressure-head),  which  differs  from  H  in  the  first  place  in  conse- 
quence of  a  certain  slight  waste  of  head  caused  by  the  formation 
of  eddies  between  D  and  E,  and  in  the  second  place  differs  Crosa 
If  hv  the  amount  of  the  velocity -head  itself.  If  we  neglect  I 
effect  of  these  eddies  we  may  say  that  the  velocity -he  ad  and 
the  pressure-head  are  together  equal  to  the  total  head  : 

*>  +  *»  =  H 

The  hydrostatic  pressure  in  the  tube  (if  the  tube  be  uniform) 
dies   away  uniformly,  as   is  shown   by  the   level  assumed  by   I 
water  in  the  successive  piezometer-tubes  of  Fig.  109. 

If  the  tube  were  lengthened  there  would  be  a  similar — but 
necessarily  a  slower — dying  away  of  the  pressure ;  the  velocity 
would  be  less  throughout  the  tube;  the  velocity-head  being  less, 
the  pressure- bead  would  be  greater:  there  would  thei.  •■•-.■  |>e  a 
greater  pressure  at  EL 

The  hydrostatic   pressure  at  any  part  of  a  stream  measures 

the  resistance  which  has  yet  to   be  overcome.      If   th-  no 

as   in   the   imaginary  ease  of  a  perfect  liquid)   there 

would  be   no  lateral   pressure,  no  pressure-head;   and   the  whole 

inal   total   head  11  would   be  taken  op  in  producing  a 

i     9  =  v2glL 

The  greater  the  velocity  of  a  stream,  the  greater  the  resist- 
ance en-  1  by  it  within  a  tube  of  given  dimensions.      The 
"sta:              iv  point  thus  depends  not  only  on  the  dimensions 
of  the  tube  between  that  point  aud  the  orifice  of  outflow  but  also 
ie  velocity  of  the  str< 

The  relation  is  K  =  l(it.v*ld  +  b.r/iP)  (Hangon):  R  being  tin  measure  of 
the  ittritiUtnc*!,  I  an  I  ngth  and  diameter  ol  to  be  traversed 

by  |]  ,  -i  and  6  to  be  found  by  experimen 

it  i^  tin- Iu-i_;lit  (in  cui.)  of  ft  lateral 
nrhoee   weight  can  be  supported  by  tit*  stream-resistance. 
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Its  weight  is  Eg  dynes,  and  the  local  resistance  at  any  point  of  the  stream 
is  therefore  Bg  dynes  of  force  per  sq.  cm.  of  transverse  section  of  the  uniform 
stream  passing  that  point 

Given  that  the  tube  has  a  certain  length  /,  and  diameter  d, 
and  a  certain  constant  chiving  head  of  water  H,  bhe  vnlooity  -• 

must  so  adjust  itself  that  the  three  equations 


B-V-'  (.£+»£.)(*) 


shall  all  hold  good.  If  the  tube  l)c  exceedingly  long,  the  resist- 
ance becomes  proportionally  very  great  and  the  velocity  very 
small :  yet  in  a  tube  of  any  assignable  length  there  would  be 
a  constant  velocity,  and  the  pressure  would  uniformly  (though 
slowly)  diminish  from  one  end  of  the  tube  to  the  other.  The 
pre  8  sure -line,  GF  of  Fig.  109,  would  in  such  a  case — a  case 
of  low  velocity — have  a  gentle  slope.  When  the  tube  is 
very  short,  the  resistance  is  initially  small  and  rapidly  falls  ;  thus 
great  velocity  is  associated  with  steep  slope  of  the  press  > 

iilir. 

If  the  driving  pressure  increase  or  diminish  (the  dimensions 
of  the  tube  remaining  unchanged),  the  velocity  produced  by  it  and 
the  resistance  brought  into  play  both  increase  or  both  diminish. 
If  the  dimensions  of  the  tube  be  altered  while  the  driving  pres- 
sure remains  unchanged,  the  resistance  and  the  velocity  will  vary 
in  contrary  senses:  increased  resistance,  diminished  velocity; 
diminished  resistance,  increased  velocity.  If  the  resistance  be 
increased  by  increasing  the  length  or  lessening  the  diameter 
tii«:  tube,  the  velocity  and  the  amount  of  How  cannot  remain 
constant  unless  the  driving  pressure  be  also  increased.  (Hyper- 
trophy of  the  heart  when  the  placental  is  added  to  the  ordinary 
circulation.) 

If  the  hydrostatic  pressure  be  found  to  have  increased  (higher 
columns  being  supported  in  the  piezometers),  the  plain  inference 
is  either  that  the  driving  pressure  has  been  increased,  or  else  that 
the  peripheral  resistance  has  been  increased  by  narrowing  or 
lengthening  or  jkjrhups  by  roughening  the  tuba.  If  the  pHBtl 
be  found  to  have  been  diminished,  either  the  driving  power  or  I 
resistance,  or  both  these,  must  have  been  also  diminished. 

11   man  khan  0M  Of  these   elements  vary,  the  result  may  be 
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either  accumulation  or  compensation  of  effects.  Higher  head  or 
narrowed  tubes  both  increase  the  pressure ;  with  lowered  driving 
pressure  on  the  one  hand  and  narrowed  or  lengthened  tubes  on 
pressure  may  remain  the  same,  though,  in  this 
case,  the  velocity  is  diminished.  Hence  it  is  necessary  to  observe 
both  the1  pressure  and  the  velocity  in  order  to  investigate  the  local 
condition  <>!'  .my  stream. 

Flow  due  to  variable  pressure  in  uniform  rigid  tubes, — 
If  the  dr.'  be  reduced,  the  pres-me-heat I  becomes  a 

greater,  and  the  velocity-head  a  less,  fraction  of  the  reduced  total 
head;   the  velocity-head    is    thus   lessened  Dot   only  in  prODOl 
to  the  diminution  of  driving  pressure,  but  in  a  still  greater 
Conversely,  if  the  driving  pressure  be  increased,  the  velocity-head 
is  increased  in  a  greater  rutin.      Since  the  velocity  is  proportional 
to  the   square  root   of  the  velocity-head,  it    is    not   the   v<  ! 
hut.  the  square  of  the  velocity  which  is  a  little  more  than 
Led  by  doubling  the  driving  force.      Hence  a  curve  indicating 
the  variations  of  velocity  agrees   in  general   form,  but   not  in 
its  amplitudes,  with  a  curve  indicating  the  variations  of  driving 
pressure. 

Interrupted    flow  through  uniform    rigid  pipes. — ".  Hie 
driving  force  may  be  applied  intermittently,  and  may  cease  during 

the  intervals,     A  perfect  incompressible  fluid,  treated  Ka  bhis 

Id  move   like  a  solid  rod    struck  endwise  by  a  hammer  : 

all    its   particles  would   move   simultaneously,  and   liquid   would 

pass  through  the  orifice  of  exit  without  any  interval  of  time.      A 

cal  liquid  is  hurled  U]  If,  compresses  itself,  and  resiles. 

Idenness  of  outflow  at  the  orifice  of  exit  is  somewhat 

modified  ;  but  even  with  physical  liquids  the  more  rigid  the  tube 

more  abrupt  is  the  onflow.     (Atheromatous  arteri- 

b.  The  pressure  being  continuous,  the  llow  may  be  suddenly 

stopped  by  an  obstruction,  say  by  a  stopcock  suddenly  closed. 

Beyond    the    BtOpOOck    the    liquid  runs  on    somewh;  relies 

itself  see  a  vacuum  near  the  stopcock ;  it  returns 

lates  until  it  comes  to  rest.    Between  the  drh  tag  pressure 
the  stopcock  there  is  a  sudden  increase  of  pressure.     If  a 
house  water-tap  bo  suddenly  turned  off  when  water  is  running 
jolt  may  be  given  to  the  water  in  the  pipes 
be  audibly   perceived  throughout  a  large  building, 
bo  the  sudden   stoppage  of  the  water,  which   has 
momentum.     The  water  compresses  itself,  re- 
bounds   and    oscillates,  producing  waves    of    condensation    and 
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rarefaction  which  trawl  back  into  the  mains.  The  pressure  in 
the  pipes  is  greatly  increased  by  this  mode  of  treatment ;  an 
original   prewUTO  of  30  lbs.  per  sq.  in.  may  be   raised  to  CUM   of 

lJti  or  130  II 

This  principle  is  economised  in  the  Hydraulic  Ham.  A  stream  of 
water  is  alternately  cut  off  and  allowed  to  How  :  every  cut-off  enables  the 
stream,  whose  pressure  is  therehy  greatly  increased,  hi  force  |  valve  which 
it  could  in i    'Ju-rwise  force,  and  water  i*  thus  driven  into  a  small  dfa 

imii;  |  limitsd  ralOJIM  Of  air.      This  air  Hid  its  eliL-tiritv 

enables  it  to  force  the  water  out  through  n  narrow  jet,  at  a  pressure  nearly 
equal  to  the  greatest  pressure  experienced  by  the  liquid  during  the  cut-off. 

Flow  through  bent  tubes. — Bends  increase  the  resistance 
and  diminish  the  proportionate  velocity.  The  forward  momentum 
of  the  liquid  is  destroyed,  the  reaction  of  the  walls  is  called 
into  play,  and  by  the  elasticity  of  the  liquid  and  of  the  walls  a 
new  path  is  given  to  the  liquid.  Energy  is  consumed  in  this 
process,  partiruhirly   in   pxodtMUIg  eddies  in  the  stream,  and  the 
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piezometer- tubes  .show  that  the  pressure  in  the  water,  which  is 
about  to  meet  the  obstacle,  is  much  greater  than  in  that  win.  h 
has  just  left  it  (Fig.  1  10).  If  the  driving  pressure  be  applied 
intermittently,  the  liquid  between  the  driving  apparatus  and  the 
rigid  bend  may  be  sharply  OOmpBWOd  before  it  can  pass  round 
the  bend  ;  it  is  driven  against  the  bend  like  a  solid,  and  if  the 
bend  be  at  all  extensible  it  is  driven  forward.  ( Locomotive 
pulse.) 

Flow  in  tubes  not  of  uniform  diameter. — We  tn 
think  that  when   a  fluid   passes  from  a  wide  iuto  a  narrow  tut 
the  pressure  is  increased;  and  conversely,  when   a  fluid  runs  out 
of  a  narrow  into  a  wide  tube,  that  it  is  relieved  of  pressure.     Th«- 
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reverse  is  the  case.  To  understand  this  we  must  consider  the 
flow  as  already  set  Up  and  constant,  The  law  of  continuity  sin 
that  whflO  a  rapid  stream  passes  into  a  Wide  channel,  it  trav 
more  slowly.  The  velocity-head  suffers  a  diminution,  and  the 
pressure-head  increases :  the  kinetic  energy  possessed  by  the 
rapidly  entering  narrow  stream  is  partly  spent  in  dashing  that 
stream  against  the  comparatively  stationary  layers  in  the  wider 
chanii'l.  and  is  thus  partly  converted  into  potential  energy.  A 
certain  degree  of  compression  is  thus  produced,  and  a  corre- 
sponding pressure,  which  is  additional  to  the  hydrostatic  pressure 
already  existing.  Conversely,  when  a  stream  narrows  it  runs 
more  rapidly :  its  kinetic  energy  becomes  greater  (mass  for  mass), 
and  there  is  a  tendency  to  stretch  or  rarefy  the  narrowed  and 
accelerated  stream.  This  tendency  to  rarefaction,  or  even  to 
tearing  asunder  the  stream,  corresponds  to  a  defect  of  pressure 
in  the  narrower  tube. 

In  the  case  of  a  liquid  passing  from  a  narrower  channel  into 
a  wider,  we  have  a  How  from  a  place  of  lower  pressure  into  one 
of  higher.  This  apparently  anomalous  flow  is  explained  by  the 
fact  that  the  pressure,  even  in  the  wider  channel,  can  QSVet  (on 
account  oJ  I  gradual  disappearance  of  pressure-head  in  the  pro- 
duction of  heat  I  but,  must  always  be  less  than,  that  due 
to  the  original  pressure-head,  ftp 

Flow  in  branched  rigid  tubes. — If  the  total  cross-sectional 

area  of   the  branches  do  not  exceed  that  of  the  main   tube  from 

which  they  spring,  the  parietal  surface- area  of  the  stream  is 

-reased ;  this  increases  the  resistances,  and  the  velocity  falls. 

If  the  total  cross-sectional  area  do  exceed  that  of  the  main  tub", 

the  I  is  widened  and  the  resistances  aie  relatively  <lnnin- 

ished :  they  may  even  be  dimini  II  v  tlii-  oause  more  than 
they  are  increased  by  the  increase  of  the  total  surface.  The 
resistances  are,  on  the  whole,  absolutely  diminished  in  this  case, 
and  the  velocity  of  the  whole  system  may  be  absolutely  greater 
than  that  in  an  unbrnnched  tube  of  corresponding  length. 

If  we  compare  two  branched  systems  :  the  one  large,  contain- 
ing many  branches,  each  of  which  would,  if  the  stream  were  driven 
through  it  alone,  off  i  resistance,  but  all  together  affording 

th-  ride  bed  for  its  Mow;  the  other  system  small,  con- 

taining few  branches,  of  which  each  is  capable  of  offering  only 
a  small  resistaii  which,  by  their  small  number,  cause  the 

stream  to  flow  in  a  narrow  bed  :  it  is  possible  that  the  driving 
pressure  necessary  to  produce  a  given  velocity  may,  in  these  two 
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cases,  be  the  same.     The  adv  <  f  the  aggregate  wide  channel 

in  the  first  system  are  neutralised  by  tin-  greft  resistances;  the 
advantages  of  the  small  resistances  in  the  second  system  are 
counteracted  by  the  narrowness  of  the  channel. 

Thus  both  small  ami  lar^'e  iinimal.s  have  approximately  the  SftOM  ! 
pressure  in  the  aorta. 

Where  branches  are  given  off,  the  pressure  either  increases  or 
begins  to  Call  off  less  rapidly,  because  the  velocity  diminishes ; 
when:  the  brunches  reunite,  the  pressure  rapidly  falls  oil*.  If  the 
whole  system  be  quite  symmetrical,  the  pressure  in  the  middle  of 
the  system  is  greater  than  half  the  initial  pressure. 

The  pressure  in  the*  capillaries  is  more  than   half  the   initial   j 
tin-  Hi-it. i.  :1im\i;1i  their  joint  sectional  area  is  vvi  t&d   their  resiMunn- 

ncrrmlin^ly  very  small ;  ami  tin-  pressure  very  rapidly  falls  as  the  vein*  OB 
At  the  same  time  tin-  velocity  increases  as  the  sectional  ai-ea  diminishes,  and 
the  amount  of  nW  tsiO  the  auricles  is  equal  to  that  faun  the  \<  I 

When,  in  a  system  of  branched  tubes,  some  of  the  branches 
are  relatively  shorter  or  wider,  the  amount  of  How  through  these 
is  to  some  extent  relatively  mure  rapid. 

When  in  such  a  system  the  flow  is  once  fairly  established,  if 
the  branches  as  a  whole  become  nan-owed,  the  resistance  is  in- 
creased and  the  velocity  falls.  If  some  only  be  narrowed,  while 
the  driving  prepare  remains  the  same,  the  velocity  in  the  remain- 
ing branches  may  be  increased,  for  the  ■  Innm-l  is  narrowed,  being 
wholly  or  partly  D  I   to  the  latter.     The  pressure  in  those 

which  are  narrowed  is  increased ;  but  the  pressure  in  the  unnar- 
rowed  branches  may  also  be  increased,  for  the  peripheral  resist- 
ance of  the  system  as  a  whole  is  rendered  greater,  and  the  \  el 
head  is  diminished.      The  effect  on   the  unnarrowed  vessels  may 
thus  be  the  same  as  if  the  driving  power  had  been  increased. 

Flow  through  capillary  tubes  P  nille  found  that  the 
law  regulating  the  velocity  of  the  flow  of  fluids  through  tubes  is 
i  illy  altered  when  the  diameter  is  very  small.  Through 
capillary  tubes  he  found  that  the  volume  of  fluid  flowing  in 
unit  of  time  is  V  —  k  .  r*lf  /,  where  V  is  that  volume,  f  and  i 
the  radius  and  length  of  the  tube,  II  the  head  of  fluid,  and  /.•  a 
constant  to  be  determined  bj  experiment.  This  determination  H 
effected  by  actually  observing  the  number  of  seconds 
drive  a  given  volume  of  liquid  through  a  capillary  tube  of 
length  and  diameter.  The  constant  k  does  not  depend  on  the 
nature  of  the  walls  of  the  tube,  if  tin  Uj  wetted   by  the 
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li|iiiil  ;  it  depends  only  on  the  nature  of  the  liquid  and  on  the 
temperature.  Water  near  the  boiling  point  passes  five  times  as 
rapidly  through  capillary  tubes  as  water  near  its  freezing  point 
W.j  Gas  do  no  more  here  than  assert  with  a  reference*  that  theory 
indicates  that  (on  the  assumption  that  the  layer  of  liquid  in 
afoot  with  the  solid  wall  is  at  rest,  an  assumption  verified  by 
t  that  it  is  immaterial  what  is  the  nature  of  the  substance 
<»f  the  babe,  provided  that  it  is  wetted  by  tit--  liquid)  the  ooefflrlent 
k  =  vpg/'Stj:  whence  it  is  easy  to  find  the  value  of  ij,  the 
coefficient  of  viscosity,  Cor  any  liquid  at  any  given  temper;:  i 

the  volume  of  liquid  pswitng  through  ■  capillary 
•\u  Sifl  or  rr*.<.P/8iji,  whan  1'  h  tin 

hi.,  npoa  fli>  Hirf.-n.-u  of  the  iiijuiil  a»  it  is  «luliveiv<.l  into  the  capil- 
lary tube  ;  the  pressure  at  the  other  end  of  the  tube  being  nH 

Th-  ■  -  Volume  "|"  ilui.l  II owing  across  any  wction  in  unit  of 

titio-  -   Atrji  of  that  action.      EEeuOB,  in  a  capillars-  lube,  D  •■  /: .  H  .  Ujl  * 
*r*  =  *.  J- '.  H  -'  =  Pf2/8^. 

The  flow  in  capillary  tubes  is  proportional  not  to  the  square, 
but  to  the  fourth  power  of  the  caditM  ;  the  \  elocity  is  proportional 

not  to  tin?  square  root  of  the  pn    nui ,   mt  to  the  preaBure  itself. 

The    reeJetanoa    in    capillary   tubes    varies    directly  as   the 
•' ;   in  wide  tubes  approximately  as  the  square  of  the  velo- 
city.     This  seems   discrepant;   it  is   due   to   the   formation  of 

defl  in  the  wider  tubes  ;   in  a  capillary  tube  the  flow  is  steady. 

Hut  what  is  a  " '<  •apillnry  "  tube?     For  water  it  is  a  tube 
under  1/50-inch  in  diameter.     "Would  it  be  the  same  for  treacle  ? 

:  a  Long  inch-wide  tube  behavea  with  treacle  aa  a  1/50-inch  tube 
does  with  water ;  the  flow  of  tivade  through  it  obeys  Poiseuille's 
Law.      Professor  Os b  -v  nobis  has  made  the  very  important 

discovery  that  steadiness  of  flow  and  ol>edience  to  Poiseui  I « 
law  cease  only  when  the  ex  press  inn  (Velocity  of  stream  x  Width 
of  stream  -*-  Viscosity  of  fluid)  has  readied  a  certain  critical 
value.  Too  great  a  velocity,  too  wide  a  stream — in  either  case 
:  breaks  up  into  eddies  and  the  movement  is  like 
that  of  water  in  a  wide  tube ;  but  even  in  a  wide  tube — not  too 
de — the    effect   of  great   viscosity    may   keep    the    above    E 

ssion  down  below  its  critical  value  and  the  flow  may  be  steady 
like  that  of  water  in  a  capillary  tube.     If  the  stream  be  H 
enough  the  above  expression  will   be  above  its  critical  value;  a 

siasinpi  of  treacle  would  flow  turbulent  ly  round  any  obstruction; 

"    Hclniholtz  ami  Piotrowski,  SitiunqsbcrichU  d.   H'icn.  Acad.  Math,  nalnrv.  CI. 
XL.  1$M;  nifl  0.  E.   Meyer,    Wiedemann'*  Ann.  d.  1'h  Chanie,  1877, 

rol.  rature  than  -.iteU. 
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lava-streams  flow  like  water.  One  and  the  same  tobfl  msj  be 
made,  by  increasing  or  diminishing  tin-  velocity  of  flow  through 
it.  to  play  the  part  of  a  wide  tube  with  eddies  or  of  a  narrow 

tube  with  steady  Bow. 

Measurement  of  the  pressure  at  any  point  of  a  stream.— 
This  cannot  be  effected  by  cutting  the  tul»c  and  fixing  a  mano- 
meter in  it.  The  result  in  that  case  would  be  a  determination 
of  the  original  driving  pressure  or  head  of  liquid,  for  the  condition 

omes  statical  and  the  liquid  seeks  its  level.  The  manofimtot 
must  be  fixed  laterally  and  at  right  angles,  and  the  flow  must  be 
allowed  to  proceed  without  any  hindrance.  This  being  seen  to, 
any  one  of  the  forms  of  manometer  idready  described  may  be 
aged 

Measurement  of  the  velocity  of  a  stream. — It  la  needless  to 

it  out  that  the  veh.rity  cannot  In-  calculated  from  I  single  observation  of 
tie-  pn-iwiirv  at  any  point. 

The  velocity  may  be  observed  by -direct  or  by  indirect  method*  with  more 
OS  less  accum 

A.  Direct  Methods. — a.  Optica?. — The  velocity  of  bodies  floating  in  the 
bfl  measured  by  olwerving  the  distant  s  one  of  them 

in  a  given  I 

Objection  to  this  method. — The.  velocity  of  flouting  bodies  doe*  not  neces- 
sarily represent  the  velocity  of  the  stream.* 

A  body  of  the  same  ip,  dcu-ity  a-*  the  liquid  mom  in  the  axial  stream  : 
tlie  hirgcr  it  is,  the  more  it  is  delayed  by  the  peripheral  layers  and  the  i  | 

I".  it  moves.  It  moves  without  rolling,  unless  it  get*  into  the  peripherical 
layers  and  is  twisted  out  of  them  into  the  centre  of  the  stream. 

A  body  heavier  or  lighter  than  the  liquid  is  pressed  uguinst  the  upper  or 
lower  wall.  It  rolls  in  the  peripherical  layers,  for  it  is  urged  forward  by  un- 
syminetrical  forces  ;  and  it  is  retarded.  Within  certain  limit.*,  the  larger  it 
is  the  less  it  is  retarded  ;  but  it  always  travels  more  slowly  than  a  body  of 
the  same  density  M  the  liquid. 

Of  two  heavy  bodies  the  heavier  move*  more  slowly  ;  of  two  light  t>0 
the  liglitcr  mow.-  more  slowly  ;   IB  cln  ,  t  Am  |0  rolling  friction. 

A  disc  which  rolls  travels  at  the  same  rate  as  a  sphere  of  the  same  density 
and  radius  ;  if  it  travel  in  the  axial  stream  the  VflJoaftjJ  fa  the  same  as  that 
of  a  sphere  or  cylinder  of  the  Mine  radius.  If  a  heavy  or  light  disc  lie  Hat 
•gainst  the  wall,  the  friction  is  increased  and  the  speed  diminished. 

Bodies  nearly  tilling  a  tube  approximate  men  nearly  in  speed  than  when 
they  are  small  in  relation  to  the  tobfl  ;  if  fa  tod  to  OHM  k  the  stream 

and  to  permit  the  pwwui  to  accumulate  behind  them  ;  if  light  they  i.  ad  bo 

roll  rapidly,  and  thus  to  diminish  the  pressure  behind  then 

If  the  density  of  the  liquid  bfl  diminished,  the  bodies  (t.<i.  red  corpus 
which  hail  been  just  light  enough  to  float  in  the  unaltered  liquid,  sink  and 

"  For  the  facts  mentioned  in  these  |»ragraphs  I  am  indebted  to  the  kindneaa  of 
Prof.  Hamilton  of  Aberdeen,  who  rejects  Sehklarewxky's  assertion  that  the  Mine 
granular  substance  may  float  in  the  «xnd  or  in  thi  periphflBl  strewn,  ■"IU'WlTllg  to 
the  nature  of  the  other  granules  with  which  it  is  associated  in  the  stream. 
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roll  in  the  lower  part  of  the  stream.  If  it  be  increased,  all  float.  In  either 
cue,  or  if  the  sp.  gC  of  the  floating   bodJee  be  al,  Mfl   bodies  block  the 

WihIm  of  the  tulj**  and  check  QC  slow  the  stream  (albuminuria,  cholera,  per- 
nicious aiia'iniu,  fatty  <-mh<di.-m,  \\\]>  <  t ion  of  milk  into  the  veins).  When  the 
rtreain  1*  doffed,  Ef  the  PBttJelee  l>e  viscid  they  tdhtse  tc  the  aides  of  the 
feObl  and  tin*  stream  Mows  peel  them  :  aft»-r  I  while  th--\  in  '.  be  tofU  off 
•  d. 

/»  (.'lianu-nl. — This  is  a  imtl pa  in  £p  .illy  employed  in  physiological  work 

and  suggested  by  Bering.  A  soluble  chemical  substance  easily  recognised. is 
inti  i  >  the  stream  :  at  a  certain  distance  the  stream  is  tapped,  end 

samples  of  the  liquid  are  there  collected  at  ngulflff  Interfile  «f  time.  The 
interval  of  time  which  elapses  before  the  chemical  substance  can  be  detected 
in  th.'  liquid  ut  ■  given  iflbrds  a  datum  firofn  which  the  mean  velocity 

can  be  roughly  calculated. 

'ilumttric. — 1.  The  vessel  maybe  cut  and  the  amount  of  outflow 
iiie*Aurvd.     This  is  obj<-  ;i   a  iftk  \'l)  because  the  resistance  i*  diminished  and 
ity  inerenseil,  and  (2)  if  the  stream  be  a  closed  circuit,  opeuing  into 
it  causes  loss  of  liquid  and  a  modification  of  the  driving  pressure. 

2.  A  tube  tilled  with  liquid  may  be  placed  in  the  course  of  the  stream. 
The  liquid  in  the  tube  is  driven  into  the  stream,  liquid  from  the  stream  taking 
1U  place.  The  time  taken  to  empty  the  tube  is  observed.  The  objections 
are  (1)  resistance  interpoeed,  and  (2)  difficulty  of  recognising  tin-  exact  instant 
at  which  the-  Liquid  if  wholly  rap] 

8.  In  Lodwig  and  I) 'giel's  Strom ulir,  used  by  physiologllte,  there  are 
l*..  Iarr-  the   one  Utaret  the  heart  is  filled   with  oil;  the  cavity 

nearer  the  periphery  tl  filled'  Iflti  dtflbrfne&ed  blood  (tin-  introduction  of 
which  into  the  animal's  circulation  doei  little  harm).  When  the  street! 
tl. ,w.-,  tin-  oil  names  from  tin-  proximal  chamber  bato  tin-  peripheral  one  i  the 
defibrinated  blood  of  the  peripheral  chamber  pastel  into  the  animal  :  the 
proo  ty  of  the  stromnhr  becomee  Blled  with  the  freeh  Uoodofthe 

animal.  Then  by  a  play  of  etopcodka  (effected  just  when  the  i>il  is  on  the 
j-jint  of  escaping  into  the  vessel?  of  the  animal;  the  stream  in  the  instrument 
M  r  id  the  animal'-)  blood  flows  into  the   chamber  now   occupied  hv 

the  oil,  the  oil  fating  back  into  the  chamber  which  it  had  originally  ooenpted, 
and  the  blood  which  had  freshly  entered  that  ehainber  being  returned  into 
hktion.     The  r  i>  always  functionally  in  the  rear.     This 

may  be  re|>eated  several  times,  and  thus  the  tffloanft  of  time  taken  to  pass  a 
certain  large  volume  of  blood  through  the  instrument  may  be  ascertained. 
The  animal  suffers  on  the  whole  no  loss  of  blood,  and  there  is  no  material 
increase  (2  to  &  mm.)  of  resistance  in  the  circuit  of  Huid  ;  while  if  the  stream 
be  periodically  reversed  with  attention  and  promptitude,  relatively  great 
accuracy  ia  attainable  in  the  determination  of  the  mean  felo ■.  ny. 

B.  Indirect  Methods. — The  mechanical  effects  of  a  stream  of  liquid 
are  derived  from  its  forward  momentum. 

Hydrostatic   i  -If  some  object  be  attached  by  its  upper 

be  wall-  of  the  tube  and  eely  in  the  stream,  the  quicker  the 

flow  the  more  will  the  lower  bee  end  be  displaced.     A  bos  containing  eneh 

a  c«mtriv  hydrostatic   pendulum  of  engineers)  may  be 

inserted  (as  in   VteTOfdft    Haemotachymetre)  in  the  course  of  a  stream  ; 
I  he  pendulum    itself  may  consi.-t    simpl]   of  ■   needle    thrut-t   through    the 
elastic  walls  of  the  tuW.  or  (a*  in  Chanveao'a  Haemodromomatre)  through 
clastic  part*  of  the  wall  of  tin-  tobe.      In  the  latter  awe,  a*  tin-  iume 
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of  the  ii<i  .i  dl  '.',-n  by  tin*  •tn-iiiu  in  one  direction,  tin*  external  end  mores 
in  the  opposite,  •lin-.tion,  and  tin-  elastic  walls  of  the  tuhe  attain  ■  MWlMMll 
pressure  upon  it,  tending  to  adjust  it  in  its  normal  position  at  right  nnglca  to 
tht  u.ill  .,1  the  axis,  the  whole  arrangement  being  very  sensitive  to  variations 
Of  \i-L 

Cliauvcan'*  instrument,  has  btQO  M  modified  that  at  DM  Ittd  the  same 
part  of  the  circulation  the  pressure  may  he  found  by  I  sphygmoacope,  and 
tin-  v»'l<M'ity  n.-rt-rtaiufl  l»y  a  li;iii»o<lronir>uieUr  whi<-h,  bflfog  coupled  with  self- 
registering  apparatus,  has  acquired  the  name  "1  haamodromogn{^  The  con- 
dition ot  a  stream  cviim- -t  be  thoroughly  investigated  unleM  the  pressure  and 
the  velocity  are  both  ■■ecrtuined. 

b.   Pitot's  Tulxs. — If  a  piezonieter-tulm  l>e  prolonged  into  the  axis  of  a 
stream,  and  if  it  be  bent  at  the  submerged  end  no  that  its  lowtt  oi  ii. 
the    ttrCUD    directly,  the   liquid    will    I  tip  in  it   to  I  certain   height 

greater  than  that  which  corresponds  to  the  lateral  presnure.  at  the  same  part 
of  the  tube,  and  varying  with  the  velocity.      If  it*  lower  orili"    bl   tan 
away  ban  HB,  the  column  of  liquid  is  lower  than  it  would  have  |WM 

in  a  plain  piezometer.      If  two  such  lateral  tOOO!  be  fixed  ft  her 

in  the  wall*  of  a  main  tube,  the  mouth  of  one  being,  that  of  tin.;  other  turned 
away  from  the  stream,  there  will  be  set  on  ■  dM  the  heights  of  the 

column-  in  these  tube*  ;  this  dith-ivnee  depends  entirely  on  the  velocity  anrl 
varies  with  it.  This  principle  has  been  applied  by  Marey  (Trav.  du  Lati.,  1875, 
p.  347;  in  tin-  formation  of  a  registering  instrument  of  great  excellence,  but 
in  physiological  work  unfortunately  not  suitable,  because  coagulation  i-  i 
moted  by  the  projection  of  the  lateral  toboi  into  the  lumen  of  the  main  tuU*?, 
the  vessel*  through  whi-h  the  blood  passes. 

All  instruments  in  which  Indirect  methods  are  applied  must  be  graduated 
by  exposing  them  to  the  action  of  streams  of  various  known  \  and 

marking  the  eOffQSpMdlnjg  podtfOM  at  which  the  index  ttai 

Work  done  in  keeping  up  a  stream. — The  initial  bend  H 
would  (if  no  energy  were  wasted  in  overcoming  resistances,  el 
produce  ■  velocity  >•=  v -yH,  and  tin*  kinetic  energy  imparted  to 
a  mass  m   of  thud   would   be   Itmr1  s  myll.     This  is   the   wh 

rgy  lost  by  the  water  falling  out  of  the  cistern,  and  this  is 
independent  <>f  the  amount  of  the  reestanoes.  The  work  don  in 
keeping  up  a  stream  is  therefore  independent  <d  the  Length  of  the 
pipes;  the  pressure  at  any  point  is  oof  M.  If  we  know  ,u  md 
H  it  is  easy  to  calculate  the  total  WOlfc  done  by  the  din  tug 
apparatus  :  If  We  do  not  know  H,  hut  do  know  a_  (tlie  height  of 
the  maximum  pJeBOmetei  column),  the  equation 

Work  done  (  —  mgH)  =  myhp  +\ 

enables  us  to  find  it  when  we  kuow  the  velocity  of  outflow. 

This  equation  is  arrived  at  by  combining  the  two  equations,  H=A,  +  k 
and  h,  —  t 

1  f  the  left  ventricle  of  the  human  heart  propel  nt  Mm  h  L80  grammes 

«>f  Mood  at  a  mean  pressure  equal  to  that  of  12-8  cm.  of  m  :  i«,  the 

P      •    ■■  \   blood  being    1*050,  nt  .i  ln.nl  II  of  10  4  cm.  of  tlie  6ame  li'j 
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M "Oil),  during  aa  the  left  ventricle  does  work  equal  to     .n 

180  x  981  x  164  =  28,959,120  Ergs  =  weight  of  29,520  gESBUDtt  raiaed 
l  em.  or  'SOU  kflot  lifted  through  l  metre.* 

If  the  liquid  leave  the  tabes  with  actual  velocity  V.  its  kinetic 
en I  i-'ii  only  J m  V*.     The  ■  1  i ft  erence  (m </H  —  i M V"2),  liavin g 

been  spent  in  overcoming  resistances,  lias  bees  transformed  into 
heat 

Streams  in  elastic  tubes. — If  the  inflow  be  continuous  the 
internal  pressure  expands  the  tube,  and  continues  to  do  so  until 
the  tube  exerts  a  contractile  reftxtutioil-urauure  equal  I"  the  ex- 
pansile pressure  of  the  liquid.  Then  the  stream  Hows  on  as  in 
a  rigid  tube. 

If  the  inflow  be  intermittent  the  case  is  different.     "We  B 
first  suppose  tin*  liquid  to  be  injected  instantaneously,  and  the  I 
to  expand  as  a  whole.      In   such  a  case,  a  sudden  inflow   on ■. 
a  pressure  which  expands  the  walls  of  the  tube,  in  addition  to 
forcing  onwards  a  certain   quantity  of   the  liquid.      "Work  is  thus 
•lone  u]>on  the  walls  of  the  vessel.      These,  being  elastic,  lend 
restart-   the   work  done  upon  them.      When  the  pressure  due  to 

inflow  is  relieved,  the  primitive  form  of  the  tube  is  gradually 
resumed  :   the  potential  energy  of  the  stretched  walls  is  transferred 

to  the  liquid  in  the  form  of  kinetic  energy.     The  stream  is  thus 

kept  up  until  the  original  form  Df  the  tube  is  restored. 

If  there  be  a  quick  succession  of  influxes,  each  successive  in- 
flowing quantity  may  enter  the  elastic  tube  l>efore  its  predecessor 
lias  left  it.      If  the   frequency  of  inflow  he  sutneiently  great,  the 
■low  may  be  uninterrupted  though  variable  in  velocity  ami 
namounL     The  rate  of  succession  necessary  for  continuous  outflow 
I  Is    on    the    width   of   the    tube— being    greater    as    this   is 
^greater — and  also,  in  the  reverse  sense,  on  the  extensibility  of  the 
'^^alls  of  the  tube  and  on  the  mechanical  resistance  oifered  to  the 
iilnw.     The  greater  the   resistances,  or  the  greater  the  ext«  n- 
•nihility  of  the  tube,  the  greater  will  he  the  proportionate   size  of 
^  *  ion  <>r  pouch  of  the  elastic  tube,  and  the  more  continu- 

will  be  the  outflow:  the  more  deliberate,  therefore,  may  be 
*-Jj«  succession  of  influxes  necessary  to  keep  up  a  continuous 
**\ithV 

Primary  waves  in  elastic  tubes. — The  tube  does  not  in 
_**4!t  dilate  and  contract  as  a  whole,  nor  does  the  liquid  at  each 
*»iuW  .-titer  instantaneously.      The   pouching  is  local,  and  the  in- 

lOOndl    !*>!    mbrate,    ">r  yf^   horoo-power  on    the   average; 
*"<mt  &  b.-p.  -luring  eo  it*  own  weight  raiaod  about  22,000  Feet  |K:rhour. 
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How  more  or  less  gradual.  The  more  gradual  the  inflow,  tin-  less 
the  width  ami  the  greater  the  length  of  the  pouch  produced  :  the 
more  abrupt  the  inflow,  the  wider  and  shorter  will  the  pouch  be. 
The  pouch  contracts  and  drives   the   liquid   onwards:  ;  »n 

dilates  the  walls  of  the  tube  beyond  the  pouch:  the  dilatation 
travels  onwards,  and  liquid  travels  with  it.  The  contraction  of  a 
ponen  can  never  produce  .mother  quite  equal  to  itself  in  width: 
and  so,  as  the  dilatation  travels  alnn<r,  it  becomes  narrower  and 
longer.  In  this  case  the  direction  of  movement  of  the  liquid  as 
a  whole  and  that  <•!*  the  dilatation  are  the  B&tne. 

If  instead  of  a  suddeu  inflow  of  liquid  due  to  pressure  there 
were  ■  sudden  outflow  due  to  suction,  there  would  be  a  local 
collapse  of  the  walls  of  the  tube.  The  walls,  returning  to  their 
original  form,  will  cause  a  stream  to  be  set  up,  which  travels 
towards  the  orifice  of  suction.  The  contracted  form  of  the  tube 
will  travel  in  ■  direction  opposed  to  that  of  this  stream. 

The  dilatation  or  the  contraction  of  the  tube,  as  it  travels. 
forms  a  wave,  the  so-called  Pulse-Wave — positive,  and  travel!: 
in   the  same  direction  as  the  liquid,  iu  the  case  of  an  inflow  and 
dilatation  ;   negative,  and  travelling  in  the  opposite  direction,  in 
the  case  of  a  suction  of  the  liquid  and  a  contraction  of  the  elastic 

The  farther  down  the  tube  the  later  the  arrival  of  this  pulse- 
wave.  The  velocity  of  propagation  of  a  wave  of  this  kind  depends 
on  K,  the  elasticity-coefficient,  and  on  a,  the  thickness  of  the  wall: 
the  gBBttef  these  are  the  greater  is  that  velocity.  It  also  depends 
on  f/,  the  diameter  of  the  tube,  and  on  p,  the  density  of  the  liquid  : 
tlie  greater  tie's*  tl„.  velocity  of  propagation*  the 

distance  traversed  by  the  wave  in  one  second. 


The  law  is  (Moens :  Die  PuUeurw,  Leiden,  1878)  v=09  i/JKa  i*L 
The  elaatieity  rarfel  bo  the  cane  of  artcrieR  ;  the  more  expanded  an  ii 
i*  the  more  elastic  it  is,  ami   then-fore  ■  fall  pulne  travels  more  rapidly  than 
MM Of  '-mull  expansion.      The  length  of  such  a  wave  =  time  of  inflow   x   rule 
i'f  propagation.      In  the  uaa    of  fcbt   poloB  the  former  is  4  sec,  the  hitter  is 
from  10  I-  res  per  nee.      TIm-   length  "f  the  dilatation  in  the  arterie« 

would  Km  333  to  8  metres  it  the  long  enough  to  contain 

a  wle.l.  w-iivi .  Tin-  nrtcri.il  BjnttfB  ik  never  during  life  wholly  relieved  I'toui 
pressure,  ami   is  in  though    variahli  ffl.      The 

elasticity  ami  Mttf-QOOtlMtion  ("arterial  teuton")  of  the  arteries  are  opposed 
to  the  expansile  internal  hh.MMlq»rv.vtuiv,  and  at  stflb  instant  these  arv  either 
e<|ual  to  it  or  are  in  the  act  of  coming  into  rqnilihrium  with  iL 

The  form  of  a  simple  pulse-wave. — The  mow  abrupt  the 
disturbance,  the  steeper  will   be   the  front  of  the   resulting   | 
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wave,  and  tlie  more  abrupt  will  he  the  expansion  of  any  part  of 
tulie  at  which  the  pulse-wave  arrives.  The  greater  the  elas- 
ticity, the  less  will  be  the  height  of  the  wave;  the  greater  its 
length,  the  gentler  will  be  the  pulse-rise.  The  greater  the  resist- 
•,  tin*  moiQ  abrupt  will  he  the  dihitntinn  and  the  more  slowly 
will  it  disappear. 

Secondary  waves  in  elastic  tubes.— When  by  a  Bidden 
access  and  sudden  removal  of  pressure  a  primary  wave  is  pffodoj 
in  an  elastic  tube,  the  distal  and  of  which  offers  no  resistance  to 
outflow,  the  liquid  is  not  found  on  removal  of  the  pressure  to  stop 
just  when  it  has  regained  its  position  of  equilibrium.  Iu  virtue  of 
its  inertia,  it  overshoots  that  mark  and  passes  beyond  that  position, 
leaving  the  tube  somewhat  collapsed  behind  \U  The  tulie  being 
us  its  form,  and  thereby  exercises  suction  :  a  back-rush 
occurs  which  in  its  turn,  and  for  the  same  reason,  is  again  exces- 
sive ;  and  a  system  of  leoondary  waves  is  thus  set  op,  of  which 

usually  only  the  first  is  very  important 


B 

vhid 


The   form  of  the   physiological   pulse-wave. — The    palae*wave 
hivt  a  raddn  tilB,  ft  Itotp-ffconfesil  primary  w 
of  tii--    v.-nfri.l.   ;   tln-n    B    MliM   "!'  t-ijui  •':  -i  BSl  n-larv  waves,  of 

i'li  i  '.iily  two,  seldom  three,  BoaalamM  onlj  one,  and  - 

limes  that  one  (Moenh)  so  itronglj  marked  ;t-  to  resemble  tin-  primary  wav 

{lit  ("dicrotic  pnl«  till   specially  obeenred  whan  the  t» 

"f  the  vessel*  i»  small  and  their  "coefficient  of  «-]a*ti<uv'  great     Between 
ilir  primary  wave  ami  the  first  secondary  Wave  there  is  a  sadden  sinking  ami 
pressure  which  giv<   the  appearance  of  an  interpolated  un«lnluti"n. 
Thuja  (Moe&e)dne  to   the  carnation    of  icular    pressure  ami  to  the 

the  valves  under  the  influence  of  the  pressure  in  the  elastic 
-•*sel  (aorta  or  pulmonary  arterj •). 
The  distance  between  the  primary  and  the  secondary  waves  increases  as 
•*e?tmv.i.  [a  arteries,  tin-  higher e  ewe  the  hsterit  travels:  the  primary 
*»•>  travels  faster  than  the  stoondary.  In  caoutchouc  tubes,  the  coefficient 
"'  elasticity  does  not  vary  with  the  distension  as  it  does  in  ftltarieftj  ami  there 
11  »u>  «nch  d  srdation  observed, 

Reflected  waves  in  elastic  tubes. — If  the  tube  l»e  wide 
of  outflow,  which  is  itself  narrow,  poaching 
***et  place  at  the  distal  end  of  the  tube.  There  will  be  a  greater 
0r  leas  recoil,  which  is  tin*  gruuttT  the  greater  the  elasticity  of  the 
tad  this  produces  reflected  wavei  in  the  stream  ;  but  the 
a,«Ulow  through  the  narrow  distal  orifice  mny  under  such  circum- 
^aces  be  singularly  uniform. 

The  srare  returning  may  meet  the  hinder  part  of  the  anon 

rare,  and  may  complicate  its  app<  warn  rj  ondnlatioDe 

(■*  M  <<itwr>  if ii  8*ng,  1881). 
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This  does  not  wholly  explain  secondary  oscillations  of  the  pulse,  because 
the  capillary  system  (which  presents  a  wide  channel  for  the  onflowing  stream) 
does  not  present  this  kind  of  resistance. 

Amount  of  outflow  from  distensible  elastic  tabes. — Marey 
showed  that  when  an  intermittent  inflow  was  distributed  by  a 
A'tube  and  divided  between  a  rigid  and  a  distensible-elastic  tube 
(the  proximal  ends  of  which  were  provided  with  valves  to  check 
regurgitation,  and  the  distal  orifices  of  which  were  narrowed  to 
increase  the  resistance),  the  flow  from  the  distensible  tube  was  (if 
the  intermittent  inflow  were  sufficiently  frequent)  not  only  con- 
tinuous, but  also  absolutely  greater  in  amount  than  that  from  the 
rigid  tube.  This  has  been  explained  as  depending  on  the  dimin- 
ished mean  resistance  offered  by  the  widened  tube ;  consequently 
a  given  initial  total-head,  H,  may  have  a  larger  proportion  of  its 
own  amount  devoted  (as  velocity-head)  to  imparting  movement  to 
the  liquid,  though,  as  a  result  of  the  widened  area,  the  actual  mean 
rate  of  flow  across  each  unit  of  sectional  area  may  be  less  than 
that  in  the  rigid  tube. 

If  the  distensible  elastic  vessel  became  rigid  it  would  be  necessary,  in 
order  to  keep  up  the  same  onflow  in  it,  to  increase  the  driving  power. 
[Hypertrophy  of  left  ventricle  in  atheroma.] 
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Density. — The  standard  of  density  of  gases  is,  for  chemical  purposes, 
By dxogen  =  1 :  som-  .iken  as  the  standard,  in  whii  hi  use 

the  density  of  hydrjegBD  is  T|§  j  jw.  It  is  for  most  physical  purposes 
better  to  adhere  to  the  0.G.&  system,  according  to  which  air  has  a 
density /»  =  '0012932,  ami  hydrogen  a  density  =  -00008 91 5682. 

Ai  a  rule  the  density  of  a  gas  is  determined  by  first  weigh- 
ing a  vessel — a  glass  or  copper  vessel  or  a  collapsed  indium  I 
hag — devoid  of  contents,  and  by  again  weighing  it  when  it  con- 
ii  volume  of  the  gas  in  question* 

Elasticity.  —  Gases,  as  we  have  seen,  have  elasticity  of 
volume  alone;  and  in  this  they  are  perfect.  In  gases  the  Piv<- 
aure  outwards  (acting  across  each  unit  of  area)  is  equal  to  the 

stance  to  a  compressing  force  acting  inwards  (acroes  the  same 
area);  tl  are  ifl  at  any  given  temperature  numerically  equal 

to  the  Elasticity-coefficient ;  p  =  K. 

Compressibility. — The  extent  to  which  a  gas  can  be  com- 
pressed is  indefinite,  provided  that  its  temperature  is  above 
Andrews's  critical  point  (p.  217);  if  the  temperature  he  below 
this  point,  compression  may  liquefy  the  gas. 

Boyle's  Law,  already  stated,  is  that  the  volume  of  a  gas 
and  sure  acting  on  it  vary  inversely. 

t  on  water  i  little  glm  bnlbj  widen  eontnbti  an  masted  quantity 

of  air,  and  tl  r  of  which  communieatee  by  an  aperture  with   tli.- 

liipiiil  on  which   it  floate  ;  if  tin-  pressure  on  the  mrfkcfl  of  the  Wata 
increased,  wat<ir  passe*  Into  the  bnlb  end  eompreeBM  tin-  contained  air;  the 
btdb  a*  a  wli  I  miff  ifnlre  (Diwi  uti      Wi 

h  the  air  bladder  ecta  during  mnsonltx  relaxation  as  a  float ;  dur- 
ing contract  i><u  of  the  muscular  walls  of  tin  bladder  the  contained  air  is  t 
fMiwiil.  lli    nu-.in  'In    wholi  ' i creased,  and  the  fish  sinks.* 

•  The  local  contraction  of  one  en<I  nf  the  lb  !►!:*•  1- I.-r-  out*  l  the  Dfhef  «'nil  to  act 
■Jone  as  a  float,  the  1  '  being  thus  tilted  ap  Ot  down.    Tho  air  hhuhh-r  in  in 

many  uaaea  too  near  the  ventral  aspect  to  sustain  the  fish  in  it«  normal  poeWon  in 

i!  sustains  the  lish  in  it*  position  of  mutable  etjuf- 
it  the  whole  period  of  life. 
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Manometers  can  be  constructed  so  as  both  to  illustrate  and 
to  apply  Boyle's  law.  If  B  tube  bent  and  containing  mercury  as 
shown  in  Fig.  11  1,  and  enclosing  a  certain  volume  of  air  within 

the  space  AB,  be  ex- 
posed to  an  additional 
pressure  acting  through 
C,  thai  additional  pres- 
sure will  be  partly  spent 
in  sustaining  the  weight 
of  the  column  EF  of 
mercury  raised  in  the 
tube,  partly  in  main- 
taining  b  i  ninpromifnin  of 
the  air  AB  witliin  the 
space  FB.  By  prelim  i- 
nary  graduation  sm  h 
an  instrument  may  be  made  to  act  as  a  manometer,  and  may 
U«  added  to  those  of  Fig.  105. 

Boyh-'n  Law  ii  M.iiiLwlmt  departed  fruai  hy  ..w-i-n,  carbonic  oxide, 
uitroe,eu,  air.  hydrogen,  vhoM  bulk  at  increasing  pressures  is  greater  than 
tinit  law  would  Indicate ;  wihile  wlphnroaa  acid,  carbonic  acid,  end  "tin  i 

.l.-nsible  gnses  shrink  in  volume  more  rapidly  wlu-n  espoeed  t«- 
nioderntely-innrea-siiiK  pressures  than  the  amount  of  pressure  alone  wouM 
lead  uh  to  expect ;  the  Litter  gases  presenting  very  curious  aberrations  when 
exti  b  pressures — bringing  the  gas  to  the  verge  «>f  Uquebetfcll — 

<>r  extremely  low  ones  are  applied. 

The  Tendeucy  of  Gases  to  Indefinite  Expansion  is 
utilised  in  the  Air-pump.  The  primitive  type  of  an  air-pump 
is  a   "vliii'ler,  provided  with  a   piston   iu  which  there  is  a  valve 

The  cylinder  itself  is  contie 

with   C,  the   vessel   to 


A  (Fig.   1  1  -  ),  Opening  outwards. 
Fif.ua. 


o 


J 


be  exhausted,  hy  a  tul>e 
\  closed  by  the  valve  B, 
J    opening  into  the  eylin- 

/    dec     Suppose  the  pj&- 

"* — -*  ton  drawn  out:  the  air 

within    0   and    the    connecting    tube    BC    WpeiHJll     thrusts  elide 
the  valve  at    B,  and   till-*  the  whole  space  open  to  it — that 
the  oylinder,  the  tube,  and  the  I   <        The  piston  returns: 

the   valve   II   closes   and   the   valve    A   opens,  liecause   the 

km  A  and  B  is  compressed;  the  air  in   AB  is  driven   out 
through  A.      By  repeating  this  process  oil  jh  the  air  in  C 
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is  greatly  reduced  in  quantity  and  becomes  of  correspondingly 
This  simple  form  of  air-pump  is  liable  to  two 
objections: — (1)  It  is  tedious  to  pull  the  piston  against  an 
external  pressure  which  each  time  becomes  more  and  nearly 
»'tjual  to  tla'  entire  atmospheric  pressure  of  1")  ]]><.  pel  square 
inrh  as  tin*  space  ln-tween  A  aud  G  becomes  more  m:nrly  a 
vacuum;  and  <-)  Alter  a  certain  number  of  strokes  the  expan- 
sion of  the  air  in  0  fails  to  lift  the  valve  B.  The  latter  o 
tion  may  be  obviated  by  causing  the  piston  itself  to  lift  the 
valve;  the  former  is  rendered  less  serious  by  connecting  with 
the  cavity  C  biro  null  cylinders,  and  so  arranging  matters  that. 
when  the  one  piston  is  being  driven  home  the  other  is  being 
drawn  out ;  the  whole  being  driven  by  a  large  and  heavy  wheel 
Not  only  is  a  smaller  force  enabled  by  the  leverage  thus  gfi 
to  resist  a  great  pressure,  but  the  inertia  of  the  flywheel  tBOdSH 
the  action  less  painful,  because  more  equable. 

Sprengel's   Air-pump   in    its    simplest   Conn   consists  of  a 

!>  a  B  i.l  13,  provided 
with  a  side -branch  EF,  which  com- 
nicates  with  a  vessel  C,  the  vessel 
t->  be  exhausted.  At  the  upper  end 
of  the  tube  AB  is  D,  a  supply 
cist  <  boiled   mercury,   which   is 

allowed  to  fall  down  AH.  As  it 
passes  EF  the  mercury  entangtea 
molecules   of   the    expansive   gas   in 

ail     these     are     continue 

oved    by  the  falling  stream  and 

escape  in  hubbies  at  11. 

If  the  Iowa  end  of  the  tube  AB  be  bent  upwards,  a  vessel  fill««l  w itli 
menmry  may  be  inverted  over  the  upturn*  <l  Sffld,  md  M  the  gas  issues  at  B 

.m  take  the  place  of  the  mercury  in   fckftt  vaMtl  ;  the  Spjvn-i.-l-j \\> 

thus  l»e  need  m  a  mean  tall  y*tntffffli  off  gee  faun 

veeeel  to  another. 

Whin  the  vucuum  in  C  is  tolerably  I  omplcte,  the  merenr\ 
falls  as  a  continuous  mass,  containing  no  I  nibbles. 

The  Absorption  of  Gases  by  solids  is  sometime*  I  true 
solution,  as  in  the  case  of  the  alloy  of  metallic  hydrogen* 
with  palladium.  This  is  produced  by  evolving  hydrogen  from  a 
palladium  electrode   in  the  electrolysis  of  water  (p.  G10)  ;  or  by 

•  This  ie«ns  (Graham,  PKgtieal  and  Chemical  JU-aearches)  to  Ik?  a  white  jiora- 
magnetic  metal  of  density  1*95  ;  diamegQctk  (Illomllot). 
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I  iting  a  piece  of  palladium  in  vacuo,  and  allowing  it  to  cool  in 
an  atmosphere  of  hydrogen;  or  even  by  heating  it  in  a  tube 
through  which  a  current  of  hydrogen  passes,  and  allowing  it  to 
cool  in  that  gas.  The  same  kind  of  colloid  solution  is  exempli- 
fied by  the.  alloys  of  iron  and  hydrogen,  or  of  platinum  and 
hydrogen;  or,  again,  by  the  carbonic  oxjde,  which  (to  the  extent 
of  4*15  vols.)  is  retained  on  cooling  by  cast-iron,  or  the  carbonic 
dioxide,  of  which  a  half-per-cent  volume  may  be  retained  by 
indiarubber. 

Such  absorption  may,  on  the  other  hand,  be  due  to  surface 
attraction  ami  condensation  within  the  pores  of  the  solid, — 
its  in  the  case  of  animal  charcoal,  which  run  absorb  so  much 
oxygen  or  so  much  uiumonia,  that  these  gases  must  even  be 
KgueHed  within   its  pores,  or  which  can   absorb  both  and 

oxidisable  gases,  and  bring  them  into  such  close  molecular 
relations  that  they  combine,  as  in  charcoal  ro-^irators ;  or  in  the 
case  of  platinum-black,   which,   if    surrounded   by  a   mixture   of 

oxygen  and  hydrogen,  absorbt  both  gam  and  brings  their  mole- 
cules into  c  -o  close  that  they  combine,  and  do  so  with 
evolution  of  heat  so  great  as  to  cause  the  platinum  to  become 
inoaj  i  and  thus  t"  ignite  the  remainder  of  the  gas,  as  in 
Dtfbereiner'i  Bydrogen  Lamp* 

Chemical  affinity  may  also  promote  the  absorption  "1  a  gas 
by  a  solid.     If  a  dish  oontainin  ;   of  wine  be  suapended 

over   quicklime   within    a   confined   space,  the   mixed  vapour* 
alooho]  and  of  \vat<-r,  which  pass  by  evaporation  into  the  space 
abore   the  quicklime,  are  discriminated  by  it :   the  water   fa   al>- 
BOrbed,  the   alcohol  not;   more   water,  but  not  more   alcohol 
iporated  Grain  ti"'  Bpirit  of  wine,  ami  is  again  absorb.. I  by  I 
quicklime.      The  result   is   dehydration   of  the  spitit,  whe 
proceed  to  an  exl  i  •  ;ree. 

Where  a  gas  is  ■!.  i    lVeely  by  a  solid,  that  gas  may 

freely  traverse  that  solid.     Thus  bj  leaks  freely  : 

a   white-hot    palladinin    tube  ;    so  does  carbonic   oxide  through 
glowing  iron  ;*   so  do  caTWnc  acid  and   marsh -gas  and  coal-gas 
in  small  quantities  through  indiarubber.    Tie-  solid*  in  which  I 
effect  is  observable  are  as  a  rule  colloid,  or  (like  non-cry 
metals)  maOUlble  OOlloids,  and   they   behave   towards  gas  just  as 
liquid  h'lms  do 

•  C*at-ir«»'  i  »llovr  carlh.uio  ...vide  to  tmKf*  int..  il.<   air  of 

a  mom  ;  earlxn  D  imall  «rnantitic*  destroys  the  ml  blood  corpuscles  an. I 

produce*  an  < 
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A  solution  of  a  gas  in  a  Liquid  is  a  mixture  of  two  liquids 
— the  dissolving  liquid  itself  and  the  liquefied  gas.  The  more 
readily  a  gas  can  be  liquefied,  the  more  freely  will  it  in  general 
farm  such  a  mixture,  and  the  greater  will  be  its  solubility. 

ruling  to  Prof,  Henry,  carl>onic  dioxide,  oxygen,  nitro- 
gen, and  some  other  gases,  are  dissolved  in  the  exact  ratios 
of  the  pressures  under  which  they  are  exposed  to  the  surface  of 
the  liquid ;  at  five  atmospheres'  pressure  five  times  as  much 
carbonic  acid  by  weight  can  be  dissolved  in  water  as  can  be 
dissolved  at  one  atmosphere.  The  volume  of  each  gas  dissolved  by 
a  given  quantity  of  water  at  a  given  temperature  is  thus  always 
the  same.  Henry's  Law  cannot  he  stated  as  a  universal  one  with 
perfect  numerical  accuracy,  though  it  is  approximately  adhered 
to  by  ;ill  gasee. 

When  a  Mixture  of  gases  is  exposed  to  a  liquid,  each  gas  is 

solved  independently  of  the  rest:  each  is  dissolved  (if  Henry's 

law  be  obeyed)  in  proportion  to  the  partial  pressure  exerted  by  it. 

Thua,  if  water  be  exposed  to  »ir  it  the  pressure  of  76  cm.  of  DMN 
tin '  mack  op  of  '\'qq  x  76  =  15-884  cm.  pre»mre  due  t 

and  \jy£  x  76  =  60-1 16  cm.  pressure  due  to  nitrogen.  The  Coefficien  I 
A  bsorption  (i.r.,  the  volume  of  gas  dissolve- 1  by  1  vol.  of  water)  of  oxyp;n 
at  10'  C.  is  -03260  ;  that  uf  nitrogen  is  '01607  ;  both  ut  the  pressure  of  76 
cm.  Hg.  It  happen  fal  Henry's  law  applies  to  both  these  gases.  Thus 
the  volume  of  oxygen  dissolved  by  1  vol.  of  water  it  **l"s*  *  '03250  = 
•0067925  vol. ;  that  of  nitrogen  is  4KUJ  *  '01 607  -  -01 27 1  1 4  vol  ITenoe 
the  . ■ « J  in  water-  arves   the  respiration  of  fishes — 

contains  oxyijen  and  nitrogen  in  th«   ratio  of  -0067925  to '0127114,  or,  in 
percentages,  34*82  oxygen  to  65'18  nitrogen. 

The  solubility  of  gases  in  liquids  not  only  diminishes  with 
diminished  pressure,  but  also  with  increased  temperature.  The 
gases  dissolved  So  a  liquid  may,  if  they  form  with  it  a  simple 
solution. — as  an  aqueous  solution  of  ammonia, — be  entirely  re- 

■  •ed  either  by  diminution  of  pressure  or  by  increase  of  tem- 
fierature.     lu  some  cases  there  is  a  chemical  union  between  the 

-  fui'l  the  liquid,  ox  some  constituent  of  it.     Thus  a  solution  of 
I  gas,  when  heated,  first  loses  some  gaseous  HC1, 

I  then  boils  over  as  a  whole  :  a  solution  of  bicarbonate  of  soda, 
when  the  pressure  is  greatly  reduced,  somewhat  suddenly  loses 
half  its  carbonic  acid :  blood,  when  the  pressure  is  gradually 
diminished,  ies  the  carbonic  acid  and  the  oxygen  which  it 

holds  in  simple  solution,  and  then,  at  a  very  low  pressure,  i  h«...-. 
ntities  of  these  gases  which  it  holds  in  feeble  chemical  com- 
hination  are  suddenly  given  off. 
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A  gas  will  traverse  a  liquid  diaphragm  with  great  rapidity  if  it 
!  soluhlu  in  it:  it  is  dissolved,  diffuses,  and  emerges  on  the 
other  side.  A  soap  bubble  or  u  wet  bladder,  containing  hydro- 
gen and  surrounded  by  carbonic  acid,  absorbs  the  latter  gas  and 
enlarges  in  size,  although,  as  we  shall  see,  hydrogen  ruus  with 
the  greater  speed  through  dry  or  indifferent  membranes,  and  a 
ladder  under  similar  cm  s  would  collapse. 

It  seems  that  there  may  be  something  of  the  nature  of  a 
solution  of  a  gas  in  a  gas.  Oxygen  evolved  from  chlorate  of 
potash  may  contain  no  chlorine  or  any  oxides  of  chlorine  recog- 
nisable by  any  cbernical  test;  yet  if  it  lxj  passed  through  a  red- 
hot  tube  it  will  be  found  that  chlorine  can  now  b  d  in  it 
(Schiitzenberger).  And  further,  a  gas  or  vapour  may  dissolve  ■ 
solid;  Dorado  acid  in  steam;  naphthalene  in  coal-gas  rich  in 
Ijyilrocarl  ion- vapours. 

Diffusion  of  Gases. — Two  gaooi  in  vessels  between  which 
a  free  communication  is  established  are  found  to  mix  freely,  and 
if  sufficient  time  be  allowed  tin-  mixture  will  become  uniform 
throughout.  The  rate  of  diffusion  is  somewhat  rapid.  Pure  car- 
bonic acid  and  air  plaeed  in  communieation  will  dill: 
a  rate  that  the  air  at  a  distance  of  half  a  metre  will  be  found 
in  seven  minutes  to  contain  one  per  cent  of  carbonic  acid: 
hydrogen  will  similarly  travel  a  third  of  a  metre  in  one  minut«- 
(Graham).      The  tighter  the  gas  the  more  rapidly  does  it  travel. 

Tins  process  is  molecular,  and  solid  particles  floating  hi  either  gee  remain 
practically  lit  rest  ;  and  thus  roan  difliiMon  is  not  sufficient  f'»r  pUJpOf  "f 
ventilation. 

In  the  IfUtgSj  ditru.-i-m  carries  air  Ml  -  and  OXJ 

fheifl  ;  Che  oxygen  tends  to  travel  more  rapidly  inwards,  end   henoe  there  is 
tending  to  dilute  the.  air-cells  (Graham). 

Effusion. — When  gas  is  caused  to  How  through  apertures. 
such  as  pinholes  in  membranes,  the  law  of  Toiricelli  is  obeyed, 
and  the  velocity  of  outflow  r  =  s  '2>/H.  Air  rushing  through 
such  an  aperture  into  a  vacuum  will  do  so  as  if  the  atmos- 
phere c  uniform  layer  of  fluid,  of  uniform  deiisdty 
=  •0012032,  and  throughout  which  tj  is  constant,  all 
ling  temperature  and  at  tie  of  76  cm.  of  mi 
the  layer  having  a  depth  II  of  790020  cm.  (nearly  6  miles). 
Then  v  —  \/2jH  =  s/2  X  981  x  790,020  =  393203  cm.  per 
second. 

In  different  gases  at  the  same  pressurr  I  will  vary  inversely 

as  their  ;    the  pases  will   therefore    pass  through  apertures  l 


XII.  J 


EFFUSION. 


proportSaaM]    bo    the    ?(juare  roots    of   their   densities. 
Thus  oxygen  and  hydrogen,  whose  dendtiei  an  16:  L,  v.il!   be 

velocities   ■     _  :  — —  ;  t.*.,  1  :  4  At  the  same  teinperatmv  and  pressure. 

In  any  gas  the  velocity  of  outflow  is  not  affected  by  changes  of  p 
sure.      H  ii  proporti.  pressure  :  it  also  Tories  inversely  as  the  den- 

If  the  pressure  be  increased,  Boyle's  law  BB0WB  that  the 
density  i«  increased  in  the  same  ratio  \  henot  p/p  i*  constant.     Wherefore  H 
is  constant,  and  v  (=  s/Sp/fl),  the  afhsioD-velodty  of  each  gas,  is  constant 
circrgpstanees  of  UIOWUO ;  Uld  the  normal  rate  <>f  outtl.iw 
gases  at  constant  htnprratures  depends  only  on  the  nature  of  the  gases. 
Under  changes  of  temperature  at  constant  volume,  vec  vp  ;  .-.  t»oc  s/CAb*. 
agea  of  temperature  at  constant  pressure,  v  m  1/v^.     Perturlm- 
tiona  are,  howewr,  pvodnotd  by  variations   in  the  viscosity  of  different  gases 
;  ire*  ;   these  cause  slight  ilrjuriuiv-  from  this  law. 

This  phenomenon  of  outflow  or  effusion  is  one  of  masses,  and 
in  it  gases  act  as  fluids,  practically  continuous. 

If  a  gas  be  driven  under  pressure  through  a  substance 
which  is  porous,  hut  whoso  pores  are  too  small  to  allow  the 
mass  to  traverse  it  without  great  resistance,  the  result  is  the 
transpiration  of  the  gas,  a  slow  flow  under  resistance.  Trans- 
piration i  Jtudied  by  driving  gases  through  long  capillary 
tubes  i  through  tubes  which  are  not  capillary,  provided 
that  their  length  so  far  (4000:1)  exceeds  their  diameter  that 
i>le  resistance  is  offered  to  the  onflow  of  the  gas.  It 
found  that  in  each  case  the  gas  moves  with  a  velocity  which 
d  to  the  pressure,  but  which  is  also  found  to  vary 
the  length,  directly  as  the  density  of  the  gas  (a 
singular  result),  and  farther,  to  depend  OH  a  constant,  the  0c» 
efficient  of  Transpiration.  V=  k.pp/l.  A  film  of  gas  adheres 
es  of  the  tube,  and  the  gas  flows  in  an  axial  stream  in 
channel 

The  coefficient  uf  transpiration  peeahar  Id  each  gas  is  a  wry  i-olated 
factor,  and  does  not  seem  to  have  any  Intelligible  relation  to  the  other  r 
perties  of  gases.     The  I  ra-coeffielenta  of  nitrogen,  of  nitric  oxide,  of 

carbonic  acid,  are  <louhle  that  of  hydrogen  :  those  of  ether  and  of  hydrogen 
are  I  those  of  oxygen  and  nitrogen  art-  related  to  one  another  in  the 

rati"  14:18,  ao  that  equal  i  iken  bj  oonjd  masses  of  these  gases  to 

pass  through  long  or  capillary  tubes. 

If  a  |  "1   its  transpiration-rate  will 

be  leasenM  :  if  the  barometric  pressure  rise,  it  will  be  compressed  and  its 
truni"!  .ised. 

Membrane-Diffusion. — Gases  placed  on  opposite  sides  of  an 
fferent  porous  membrane,  toeed  neither  to  the  influence 
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of  a  difference  of  pressures  nor  to  that  of  a  difference  of  solubili- 
ties in  the  material  of  which  the  membrane  is  composed,  will  pass 
through  it  in  virtue  of  their  own  molecular  motion. 

The  Telocity  with  which  hydrogen  and  oxygen,  separated  by 
a  partition  of  plaster-of- Paris,  or  graphite,  or  biscuitware,  will 
traverse  that  partition  is  exceedingly  small  in  comparison  with 
iIm  i.itc  of  effusion  through  a  relatively  large  aperture  into  a 
vacuum ;  but  it  is  found  to  be  proportional  to  the  mean  velocity 
of  the  molecules  in  the  gas. 

We  have  already  seen  (p.  233)  that  the  mean  velocity  of  the 
purticlea  of  any  gas  is  inversely  proportional  to  the  square  root  of 
the  density  of  that  gas  j  and  hence  the  rate  of  diffusion  of  any 

through  an  indifferent  membrane  is  inversely  proportional 
to  the  square  root  of  the  density  of  that  gas. 

A  dry  bladder  filled  with  hydrogen  and  surrounds  i  bj  0  geu 
will  partially  collapse,  for  hydrogen  leaves  it  four  times  as  fast  as 

80  enter; 

This  difference  of  d illusion -mios  may  be  made  to  effect  a 
partial  separation  of  gases.  If  a  long  porous  tube  be  fitted  so 
as  to  pass  through  a  vacuum  or  a  neutral  gas,  and  if  a  mixture  of 
gases  be  passed  through  the  porous  tube,  the  components  of  that 
mixture,  will  escape  through  the  walls  of  the  porous  tube  in  unequal 
proportions.  If  the  r&pom  of  chloride  of  ammonium  be  passed 
through  such  a  tube,  the  hydrochloric  acid  (density  =  18*26  when 
II  —  1 )  and  ammonia  (density's 8*6)  into  which  the  chloride  is  dis- 

_l _J 

sociated  by  heat  pass  through  in  the  ratio  of    ,       ■    to    , — 

vl8'25       v 

the  ammonia  therefore  passes  through  in  excess,  ami  litmus  paper 
placed  in  the  neighbourhood  of  the  porous  tube  will   indicate 
alkaline  reaction. 

A  gas  may  pass  through  the  pores  of  a  solid  by  liquemcta 
in   those  pores:  sulphurous  acid  may  pass  through  charcoal  and 

'•rate  on  the  farther  side. 

Diffusion  of  Gases  from  Liquids. — If  a  layer  of  liquid  charged 
with  gas  be  placed  ujion  one  free  from  gas,  the  gas  rapidly  \ 
ineati-s  the  whole  liquid.  If  the  two  layers  be  separated  by  a 
membrane  wetted  by  both,  the  diffusion  is  rapid.  If  the  I 
layers,  thus  separated  by  a  thiu  membrane,  be  in  a  state  of  rela- 
tive motion,  the  diffusion-rate  may  be  accelerated  if  tin  rdm  ities 
In-  not  too  gTeat  If  two  streams  so  separated  move  in  opposite 
directions  they  may  completely  exchange  gases ;  for  -oppose  two 
such  streams  to  be  charged,  as  they  arrive  at  the  opposite  ends  of 
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a  certain  tract  of  vessel,  with  gases  A  and  B :  then  throughout 
the  whole  of  that  part  of  their  course  during  which  they  are  con- 
tiguous, the  A-eharged  stream  passes  and  diffuses  A  into  a  stream 
which  is  at  every  point  poorer  in  A  than  it  itself  is  at  the  same 
point;  and  vice  versd:  so  that,  if  the  course  be  long  enough,  the 

aarged  stream  may  lose  all  its  A,  and  the  It-charged  stream  all 
its  B. 

The  Statics  of  Oases. — A  gas  always  fills  the  whole  space 
within  which  it  is  contained.  There  is  no  difference  in  respect  of 
statical  theorem  between  a  gas  and  a  liquid  which  also  fills  the 
whole  Space  within  which  it  is  contained.  Pascal's  principle,  that 
of  the  so-called  Trausmissihility  of  Pressure,  that  of  the  perpen- 
dicularity of  the  pressure  exerted  by  a  fluid  upon  its  bounding 
surface — all  these  apply  equally  to  all  fluids  :  so  do  the  principle 
of  tfafl  Hydraulic  Press  and  that  known  as  Archimedes' Principle. 

The  lant  must  bo  kept  in  mind  when  accuracy  is  required  in  weighing. 
A  piece  of  brass  of  denriij  8  tad  weighing  i  kfla  in  Mono  oocapiM  125  cub. 
cm.  (\  the  bulk  of  an  equal  mas*  of  water).  It  apparently  loses  when  weighed 
in  air  the  weight  of  ISA  cub.  cm.  of  air;  that  is,  125  x  '00129366  grammes 
-  *1617  gramme.  The  gnbttS&M  to  be  Weighed  also  loses  weight,  but  if  it 
displace  more  air  than  the  BonstepoisSog  HUH  of  bUM  does,  it  loses  DUBS 
than  the  brass  does,  and  an  inaccurately  luge  -piantity  of  it  has  to  be  used 
to  counterpoise  the  metallic  kilogramme. 

Ilulloon*  and  soap  bubbles  containing  coal  gas  or  hydrogen  rise  in  the  air ; 
bulk  for  bulk  tlu-v  ate  lighter  than  air.  The  lighter  they  are,  the  more 
rapi  esoend  ;  and  they  can  be  loaded  until  they  w.-i^h  bulk  for  bulk 

•«nie  as  the  air  in  which  they  float.  If  a  balloon  with  it*  contained  gSS 
weigh  100  lbs.,  and  the  bulk  of  air  displaced  by  it  weigh  1  20  lbs.,  the  balloon 
will  rim  with  an  ascensional  force  equal  to  the  Weight  of  BO  lbs  applied  to  a 

i  of  I0O  ;   its  upward  amb  l.ttiun  will  be  eflQSl  to  g  x  -fifo  «=  ^g. 


The  ptesSUlt  on  the  walls  of  a  closed  vessel  containing  gas  is 
greater  the  lower  the  level  at  which  it  is  measured  :  the  law  is 
exactly  the  same  for  gases  as  for  liquid*  The  effect  is  seldom 
perceptible,  because  within  vessels  of  ordinary  size  the  mere  weight 
of  the  gas  adds  little  to  the  atmospheric  or  other  pressure  acting. 

With  vessels  of  ordinary  dimension*  s  manometer  applied 
laterally  at  any  part  will  indicate  the  internal  pressure;  strictly 
speaking,  in  gases,  as  in  liquids,  it  indicates  only  the  pressure  at 
the  horizontal  level  of  the  orifice  of  communication  between  the 
manometer  and  the  vessel. 

Streams  of  Gas. — The  statements  made  in  the  discussion  of 
streams  of  liquid  in  Chap.  XI.  apply  also  to  streams  of  gas.  The 
Law  of  Continuity,  Torricelli's  Law,  the  distinction  between 
Vel<  1  and  Pressure-head,  the  gradual  disappearance  of  the 
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latter,  couple<l  with  tin-  simultaneous  heating  of  the  flowing  fluid, 
the  Literal  I'rr-ssurc  in  a  main  pipe,  and  tin:  propulsion  of  the 
fluid  up  piezometer  tubes  or  through  lateral  orifices, — all  these 
apply  to  gaseous  as  well  as  to  liquid  streams. 

In  calculations  based  on  Torricelli'*  Law  it  is  nmiewj  t"  find  H.  H  is 
the  height  of  that  column  of  the  outflowing  fluid  which  would,  if  acting 
alone,  produce  a  pressure  equal  to  that  actually  undergone  by  the  fluid  set  in 
motion.  If  the  gas  issue  from  a  vessel  in  wliicli  the  pressure  is  such  as  to 
Rippoit  a  manometric  colmnn  of,  say,  24  cm.  Hg  in  addition  to  the  atmos- 
pheric pressure  ;  and  if  the  atmospheric  pressure  at  the  time,  as  shown  by 
the  Wrometcr,  be  76  cm.  Hg :  tlic  total  pressure  on  the  gas  is,  for  each  square 
cm.  ..1  its  Itounding  surface,  equal  to  the  weight  of  a  column  of  mercury  whose 
■uiit.nt  is  100  («  76  +  24)  cub.  em.  This  is  equivalent  bo  the  weight  of 
1  3f>'.»<!  cub.  cm.  of  WVter«  If  the  di-tisitv  of  the  gas  be  ^^  that  of  Will 
pressure  is  equal  tfi  the  weight  of  800  x  1359-6=  1,087, «80  cub.  'in.  of  that 
gas,  the  same  gas  as  is  driven  out  in  a  jet.  This  column,  standing  on  a  up  am. 
base,  is  1,087,680  cm.  high.  Heme,  (or  the  gas  in  Question,  H  =  1,087,680; 
and  the  velocity  of  that  gtj,  ru>hing  into  a  vacuum  under  a  total  pres- 
sure of  100  cm.  Hg  (as  long  as  the  pressure  is  maintained  at  flint  value),  is 


s'fr/H 


v2  x  981  x  1,087,680  in  cms.  per  second;  while  into  the 


utmofiphere  it  would  run  with  ■  velocity  v/2  x  981  x  (800  x  13*596  x  24), 
due  to  the  dtfhranotl  (84  Ot  Hg)  between  the  internal  and  external  pressures. 

Recoil. — When  a   stream  of  gas  issues  from  a  jet  or  farm 
the  reaction  is  equal  to  the  action,  ;wu\  there  is  a  tendency  for  the 
burner  itself  to  move  backwards.     This  tendency  we  see  turned 
to  account  in  certain  revolving  shop-window  gas-illumination-;. 

Viscosity. — The  viscosity  of  gases,  which  is  due  to  diffu 
is  on  the  whole  similar  in  its  results  to  that  of  liquids.    We  have 
already  seen  its  influence  in  transpiration. 

A  stream  of  air,  driven  through  air,  soon  comes  to  rest  If 
it  have  a  great  velocity  it  can  eat  its  way  through  air  to  a  greater 
distance  ti  can. 

If  a  stream  of  air  lw  introduced  into  a  room  through  a  funnel-shaped 
aperture,  the  broad  mouth  of  the  funnel  being  open  to  the  external  air,  it  will 
enter  the  room  through  the  narrow  orifice  with  great  velocity,  and  will  pee* 
a  considerable  distance  (being  acutely  felt  as  a  draught),  until  at  lengtl 
process  of  diffusion  between  it  ami  the  surrounding  air  relierM  it  of  its 
in.  If,  on  the  other  hand,  the  narrow  «  ml  of  the  funnel  faf  pre- 
vented to  the  exterior  air,  the  stream  a*  it  enters  will  (obeying  the  Law  of 
Continuity)  widen  out  in  accordance  with  the  shape  of  the  funnel,  and  its 
\'-l<:t\  uill  be  proportionately  diminiidicd j  the  result  bei 
able  amount  of  air  may,  through  ventilators  of  such  a  fafD,  !*•  introduced 
into  a  room  without  producing  a  perceptible  draught. 

All  objects  surrounded  by  air  beer  on  their  surface  an  Bdha 
film  of  air  which  is  almost  dustless.     When  a  body  nwvi  in  air, 
this  film  nibs  against  contiguous  layers  of  air,  and  the  movement 
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of  the  body  is  retarded  by  Internal  friction  in  the  air.     Haughton 
Uld  n  Keynolds  found  that  a  granite  ball  suspended  in  the 

air,  and  swung  pendulum- fashion,  suffered,  on  each  succes-i 
swing,  a  diminution  of  amplitude  of  g^g-j  due  to  this  cause. 

The  friction  within  a  gu  Ifl  inuYpericlent  of  its  .hn.-nty,  hut  hlllMOICt  with 
its  temperature— (Clerk  Maxwell,  I'hil.  Trans.  1866). 

A  body  falling  in  vacuo  is  not  retarded,  and  falls  with  an 
acceleration  fully  equal  to  g ;  tailing  through  air,  it  is  retarded 
cause  the  viscosity  of  the  air  causes  friction.  A  thick  piece  of 
gold  and  a  piece  of  paper  fall  in  vacuo  at  the  same  rate:  through  air 
the  gold  falls  more  rapidly,  because  it  presents  less  surface  in  pro- 
portion to  its  weight:  hut  even  through  air  a  piece  of  smooth 
i id  a  piece  of  gold  leaf  presenting  the  same  total  surface 
and  the  same  weight*  or  bearing  the  same  proportion  between 
their  surfaces  and  weights,  will  fall  side  by  side. 

Falling  water  is  retarded  by  the  air ;  and  conversely,  air  is 
dragged  down  fay  falling  water.  If  a  stream  of  water  D€  made  to 
full  through  a  closed  cavity,  the  water  will  drag  down  with  it  a 
considerable  volume  of  air;  and  it  a  lateral  communication  be 
established  between  this  cavity  and  a  vessel  coutaiuing  air,  much 
sir  in  that  vessel  may  be  extracted  If  a  stream  of  air  or 
steam  be  maintained  through  a  cavity,  it  is  not  only  itself  retarded. 
but  the  surrounding  ait  is  dragged  with  it,  and  the  pressure  in  the 
cavity  is  diminished. 

This  action,  due  to  viscosity,  is  independent  of  the  general 
diminution  of  pressure  experienced  by  tiuids  in  motion.  A 
vibrating  tuning-fork  brought  near  a  suspended  pith- ball  seems 
to  attract  it;  the  air  between  the  objects  vibrates,  the  pressure 
is  lessened,  and  the  exterior  atmospheric  pressure  urges  the  ball 
against  the  tuning-fork. 

When  the  fluid  \»  /»,  at  a  point  in  the  fluid  when 

the  grein  itjr  of  vibration  i  !'  pressure  i«  i/>i'2 ;  pro- 

vided I  the  vibration  ia  the  to-and-fro  movement  of  6olids 

moving  within  a  Suite  *pace  of  the  (lui<l  (Bit  Win.  Thomson). 

Measurement  of  Flow. — The  amount  of  flow  of  gas  through 
pipes  mi  i.asured  on  the  same  principles  as  the  amount  of 

flow  of  liquids. 

The  amount  of  gas  actually  passed  may  be  collected  and 
measured.      It  may  be  collected   in  a  balanced  bell-jar,  inverted 
over  water  like  a  small  gasometer  (Hutchisons  Spirometer)**!!  in 
rod  thin  flexible  caoutchouc  bag  (Boudin), 
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(b)  It  may  be  made  to  drive  a  registering  train  of  wheelwork, 
like  a  gas-meter,  as  in  Bonnet's  pneumatometer. 

(c)  The  principle  of  the  hydrostatic  pendulum  or 
('/)  that  of  Pitot's  tubes  may  be  employed. 

Thk  PjmhhOU  of  THE  Atmosphere. 

Most  of  our  experiments  and  observations  are  complicated  or 
affected  by  the  fact  that  we  live  at  the  bottom  of  an  atmospheric 
ocean  which  exerts  pressure  upon  every  surface  exposed  to  it, 
and  which  penetrates  even  into  the  recesses  of  everything  porous, 
and  there  also  exerts  pressure,  unless  special  appliances  be  made 
use  of  in  order  to  remove  it  wholly  or  in  part.  We  live  at  the 
bottom  of  such  an  atmosphere  without  inconvenience,  just  as 
deep-sea  fishes  live  at  the  bottom  of  the  ocean :  as  long  as  tlav 
are  in  their  habitat,  the  internal  pressure  of  the  gases  contained 
and  dissolved  in  their  organisms  is  equal  to  and  is  in  eqnitibfitUS 
with  the  immense  external  pressure  exerted  by  the  surrounding 
water ;  but  when  they  are  brought  towards  the  surface,  the  external 
pressure  becoming  greatly  less,  the  gases  contained  in  the  swim- 
bladder  and  throughout  the  tissues  undergo  expansion,  and  the 
fish  explode. 

The  pressure  within  our  organisms  cannot  be  less  than  the 
atmospheric  pressure,  that  exerted  by  the  atmosphere  on  the 
surface,  1,033,663  dynes  per  sq.  cm.,  or  a  pressure  equal  to  the 
weight  of  about  1  5  lbs.  per  sq.  inch.  If  the  internal  pressure  in 
any  part  become  less  than  this,  the  fluids  or  the  semi-fluid  titm 
or  masses  of  the  body  must  flow  towards  the  region  of  dimini*! 
pressure.  Hence  a  permanent  vacuum  within  the  body,  total  or 
partial,  is  impossible. 

The  abdominal  walls  are  closely  impressed  against  the  viscera  :  the  walls 
of  these  ore  pressed  against  one  another  as  far  as  their  contents  will  allow. 

Tin-  lungs  are  pressed  ■gaintl  the  rib*  by  tlie  atmospheric  pressure  * 
down  the  trachea  and  bronchi,  and  they  arc  thereby  expanded  when,  but  for 
this  action,  the  expansion  of  the  ribs  would  tend  to  form  a  vacuum  U  tween 
tin-  pulmonary  pleura  and  the  parietes  of  the  thonu.  This  expansion  does 
HOC  take  place  when  the  thonu  b  H  opened  by  I  wound  that,  on  t  \ 
of  the  ribs,  air  can  pas*  through  the  wound  into  tin-  pleural  cavity,  and  can 
thereby  tqwiifl  Uu  internal  and  external  pressures  without  the  aid  of  pul- 
monary inflation.* 

*  In  such  a  cose  some  of  the  air  in  that  cavity  can  be  cx|*llcd  by  an  expiratory 
effort  with  closed  glottis  ami  dU  '*•  prevented  from  returning  by  a  valve  opening 
outwards. 
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The  atmospheric  pressure  acts  freely  upon  and  through  a 
mass  of  gas,  if  that  mass  be  free  to  expand  or  coutract,  whatever 
lie  its  temperature.  The  air  in  a  room  may  be  hot,  and  yet  the 
atmospheric  pressure,  acting  down  the  cliiinney  and  through  all 
the  chinks  and  orifices  of  the  room,  will  be  undiminished  in  amount 
and  in  effect 

A  trap  in  a  wash-hand  bttbl  iu  a  room  will  not  be  mill •!•■  t<>  prevent 
gates  from  bring  forced  into  the  rooiu  from  the  «1  rains,  dimply  bscSflM  the 
»ir  iii  lbs  rtHjtn  i*  warm.  It  niav  be  unable  t<-  '1m  SO  if  the  pressure  witi 
the  drains  become  excessive,  or  if  the  air  in  tin-  room  lie  raii-licl  by  a  utroii^ 
draught  up  the  chimney.  especially  where  the  nttin«js  of  the  loom  tn  so  an 
tight  that  the  external  prSSSOM  oaDDOt  forOG  air  into  the- room  except  through 
the  trap. 

If  auy  object  containing  gas  or  air  be  placed  in  a  region  of 
space;  from  which  the  air  has  been  wholly  or  in  part  extracted — 
such  as  the  bell  of  an  air-pump — the  internal  pressure  may  over- 
power the  externa],  and  the  body  will  then  tend  to  become 
inflated  and  may  even  burst. 

A  little  imliarubWr  balloon,  a  hhnMer  half  tille.l  with  air,  a  shrivelled 

•f  soap  amU,  present  ini.l. -i  the  air-|»iuiip  a  singular  a]>|H  ,u, mi  •■ 

vpanaion.      If  a  loaded   piece   of  wood  be  put  in  a  <li.»h  of  w.iU-r,  an.l  the 

whole  placed  under  the  air-pump,  the  wood  will  appear  to  effervesce  ;  the 

iue.l  in  it*  pom  expsndi  md  Bnmi  babblss.     If  soda-water  already 

Hat  be  subjected  to  nimilar  treatment  it  will  renew  its  effervescence. 

This  inflation  is  not  due  to  any  suction  on  the  part  of  the 
air-pump,  but  is  due  to  the  expansion  of  the  contained  gas,  which 
always  tends  to  expand,  but  which  can  only  do  so  when  the  resist- 
ance offered  to  its  expansion  on  the  part  of  the  external  pres- 
sure is  diminished  or  removed.  The  gas  expands  until  the  in- 
ternal pressure  of  the  expanded  gas  is  equal  i<»  the  pressure  of  the 
rarefied  air  or  gas  ;  the  latter,  as  we  have  already  seen  (Boyle's 
law),  sullen  diminution  proportionality  to  the  density. 

If  the  pressure  within  an  object  or  a  cavity  exceed  or  be 
made  to  exceed  the  externa]  atmospheric,  pressure,  there  is,  as  iu 
•11  such  cases,  a  tendency  to  establish  equilibrium  by  setting  up  a 
flow  from  the  place  of  greater  pressure  to  one  of  less.  Tints,  if  a 
bladder  containing  gas  and  provided  with  a  stopcock  be  loaded 
with  a  v  and  its  stopcock  opened,  the  atmospheric  pressure 

U  to  drive  air  into  the  bladder,  bat  it  is  overpowered  by  the 
greater  pressure  within  the  bladder,  and  there  is  an  outward  Mow 
set  up,  due  to  the  difference  between  the  internal  and  the  externa] 
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a  j.a-li-.M.'j,  •  ■  autfsg  of  an  iirterted  baD  Boating  oa  water,  nay  be 

loaded  so  as  to  my  gLVBB  expulsive  pressure.     Thus  coal-gas  driven 

•  mt  "at  a  pressure  of  1    inch  of  water"  i*  subject  iu    the  gasometer  to  an 
internal  pressure  =  atm.  pr.   +"1  inch  of  water,"  ami  to  an  ezt&rfOX  piv- 
ot the  burners  »  atm.  pr.  only. 

If  air  be  blows  IstO  I  flflak  partly  filled  with  wnter,  partly  with  air,  ami 
nli  il  with  .i  narrow  open  glass  tube  passed  through  the  cork,  ai 
1 1  ask  !>.-  suddenly  inverted,  water  will   rush   out   through  tin-  noz/.h-:   the  air 
has  been  iniiiiuiaeiilil.  and  its  pressure  has  become  greater  than  the  atm.  pr.  ; 
this  ddflavenof  of  pressures  causes  an  outward  How,  a  jet  of  liquid. 

In  the  dome  <>!   the  me  air  is  compressed  in  the  same  way  :  the 

inflow  hi  Intermittent^  the  outflow  continuous,  to*  the  air  never  ceases  to  be 
compressed  and  eieffdeei  I  continuous  pressing 

If  a  man  Qfnhltioil  llask  containing,  say,  zinc  anil   sulphuric  acid,  be  fitted 

with  in  ordinary  safety-funnel  dipping  into  the  liquid,  the  hydroganejwi] 

will  j^is*  out  l»y  the  Intended  channel  :   the  liqni<l  of  the  flask  will  be  observed 

little   In    the   safety  tul--,  which  acts  as  a  uinuoue  tcr   indicating 

the  internal   0100001*.      If  any  obstruction  offer,  the  gas  accumulates   in  th»- 

lhi.sk,  a  diflerencc  ii  set  op  between  the  internal  and  the  external  pressure, 
and  the  liquid  ii  (brood  op  the  safety  tuba,  The  i  ifetj  hibe  ihonld  dip  into 
tin-  tiqnuf  only  [net  w  deeply  thai  before  the  liquid  bread  up  into  the  fume  l 
can  overflow,  the  level  of  the  licjiii-l  in  the  flask  shall  have  been  so  far  de- 
pressed that  nothing  but  gas  can  pass  out  through  the  safety  lube. 

If  a  cistern  at  a  height  he  connected  hy  a  tube  with  a  large  flask  con- 
taining air,  in  such  |  way  that  liquid  may  pa«s  from  the  cist'  in  into  tin* 
flask,  air  is  driven  out  of  the  flask:  it  may  We  diiven  out  through  iMfaa  ; 
this  tnbe  may  be  BOBnooted  with  any  cavity  through  which  it  may  be  neces- 
sary to  drive  air.      This  is  one  form  of  Aspirator. 

■ma  principle  b  applied   in  the  plenum  method  of  ventilation:  a 
pressure  is  set  up  by  farcing  air  into  a  huildin  air 

is  left  to  find  its  own  WSJ 

When  the  thoraofc  wall.-  contra,  t.  air  il  dnv«n  out  of  the  lungs,  and 
blood  out  ol  the  thoracic  organs  in  general. 

When   the  abdominal   walll  contract,  a  general-contents-pressure  is  set 
up,  always  at   right  angles  to    the   general  surface  of  the  practically-fluid 
visceral  mass,  and  opposed  partially  or  completely  by  a  uniform  atmospheri 
pressure 

When  the  external  atmospheric  pressure  exceeds  that  within 
an  objector  cavity,  air  may  be  forced  into  it  or  it  may  be  com- 
pressed, or  if  these  effects  be  not  possible,  the  existence  of 
atmospheric  pressure  generally  becomes  iu  some  way  Btrikn 
manifest 


The  Magdeburg   Hemispheres,  a  couple  of  betmepberei  fitting  to- 
ter  so  as  to  form  a  sphere,  and  ordinarily  separable  with  ease,  but  when 
apDOWjd,  and  the  air  e.\  i  i  them,  not  to  be  separated  w  I 

he  boy's  leather  Sucker,  a    piece  of    BMiatened   leather 
closely  applied    to  •    and  polled      any  residual   air  Mill   i«  I 

the  pressure  of  air  i  od  the  object  becon 

ing  rery  small,  and  the  sucker  being   thus  firmly  preeeed  by  the  weight  of 
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the  atmosphere  against  tin-  object  on  which  it  is  placed  ;*  tin-  difficulty 
experienced  m  pulling  t in-  handle  of  a  gaod  Svrin-.'  whan  Hm  aoaia  li  at  >ppad 

Of  in  the  i  of  an  Air-pump, — all  these  clearly  printout 

the  past  played  by  atmoaphene  pressure. 

In  the  experiment  dim  xaibedj  In  which  gas  escaped  from  lot 

pore*  in  a  piece  of  wood  kept  under  water  and  exposed  tu  the  action  of  the 
air-pump  essary  to  allow  the  atmospheric  pressure  again  to  act 

to  BM  tba  watai  driven  by  that  pressure  into  the  pores  of  the  wood,  which 
thus  becomes  too  heavy  to  float. 

The  atmospheric  pressure  is  a  prime  agent  ill  most  of  what 
we  usually  call  the  phenomena  of  Suction.  A  syringe  has  its 
nor:  exted  in  water;  the  handle  is  drawn  up:  in  the  body  of 

the  syringe  there  would  arise  a  partial  vacuum  were  it  not  that 
the  external  atmospheric  pressure  overcomes  the  feeble  in- 
ternal pressure,  and  pus  lies  the  liquid  through  the  nozzle  into 
the  body  of  the  instrument. 

If  the  syringe  have  a  thin  closed  wooden  nozzle,  and  if  the  vacuum  in 
the  syringe  be  relatively  good,  the  atmospheric  pressure  can  force  water  or 
mercury  through  the  pores  of  the  wood. 

If  there  be  BO  la&Btj  Kobe  attached  to  a  gas-evolution  apparatus,  and  If 
the  evolution  of  gas  suddenly  ccok-  while  the  gas  Hill  continues  to  be  absorbed 
by  the  li.juid  into  which  it  is  pealed,  we  Hnd  the  gas  diminishing  in  amount, 

kha  externa]  atmoaphaiie  ptaaame  forcing  the  absorbing  liquid  back  into 
the  gas-generating  flask.      If  there  be  a  safety  tube,  the  very  ihoft  coluiu. 

id  at  its  towel  end  is  forced  down,  and  air  enters  the  flask  until  tin- 
internal  pressure  beeomee  equal  to  the  external. 


Flg.iu. 


or 


,=*k 


Aspirators  are  generally'  d   DO   tbla   principle.     Water   Bowl 

from  a  Urge  flask  or  can,  Fig.  1 14  a  :  air  must  take  its  place  :  this  air  "  hi 
drawn,"  or  rather  is  poshed  by  the  •  UfNBUe,  through  a  aej 

flasks  which  it  must  traverse  on  its  way  from  the  ontez  air  to  its  place  in  the 
aspirating  flask.     With    the   arrangement  h  of  Fig.    114,  air  can  be  forced 
i   in  the  reverse  direction,  according  as  A  or  11  is 
accorded  the  bight .  poeition. 

The  vacuum  method  of  ventilation  is  an  exhaust-method  ■  air  is  re- 
moved at  a  certain   point,  and   finds  its  way    from  different  jurts  of  the 
iing  towards  this  point. 

•  The  air  dOM  li<»t  forOfl  its  way  beta  •  kur  and  the  object  pollsd  upon, 

for  the  intervening  film  of  moisture  is  held  tn  place  by  adhesion. 
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Filtration  may  lie  ax.-u.-ted  by  CflOBAOtillg  the  lilter  with  a  ])artial 
vacuum  :  tin-  funnel  is  for  this  purpose  fixed  into  a  flask  by  a  cork  through 
which  there  also  passes  a  tube  leading  to  an  aspirator  nf  any  kin<l,  I  Sptvngel 
pump  worked  by  water,  and  called  a  Bunxeii  |»unip,  befog  frequently  employed. 

Til'  itampharic  pwww  on  the  liquid  In  tin-  Fqjhm]  (bffoM  It  tbtosgfa  the 

lilter  111U1  the  partial  vacuum. 

tion  nipple*  and  bleeding  cups  illustrate  |Ol  HftUB 
atmospheric  pressure  :  the  pressure  within  them  ia  lew  than  the  external 
pressure  ;  the  part  of  the  surface  of  the  body  exposed  to  their  action  BD0HI 
lew  pressure  than  tie-  <  iiti.'uous  purts  of  the  -kin.  which  aie  acted  upon  bg 
the  full  atmospheric  pressure.  The  result  is  a*  if  all  parte  of  the  surface 
except  the  net  opontad  "ii  were  m^jeoted  to  a  powerful  squeeze  :  the  fluids 
are  squeezed  by  the  atmosphere  towards  the  area  subjected  to  least  pressure. 

When  the  thoracic  walls  expand,  their  soft  parts  are  driven  inwards,  air 
in  driven  Into  the  lungs,  and  blood  is  driven  into  the  thorax  from  the  parts 
of  the  body  acted  upon  by  the  full  atmospheric  pressure  ;  all  this  bang  flu 
consequence  of  the  so-called  negative  pressure  (i.e.,  pressure  less  than 
that  of  the  atmosphere)  in  the  thorax.  The  lungs  act  like  a  -ph\ 
(Fig.  105,  S)  :  they  are  dilated  by  internal  pressure  until  their  resistance  fao 
farther  dilatation  is  equal  to  the  dilating  force.  The  less  extensible  they  are 
or  become,  the  sooner  will  this  limit  be  reached  :  if  their  extensibility  become 
so  small  that  the  limit  of  expau.-don  would,  if  the  ribs  expanded  to  their  full 
i  xteut,  be  rea-hed  In-fore  the  pleural  cavity  is  filled,  then  the  bloml  and  the 
thoracic  walls  themselves    are   pressed    inWBRk    and    tlie   ilast-walls    | 

t  of  BXpansioii.  If  while  tin  i-lii'sl  is  expanding,  there  be 
an  uritice  open  in  a  large  vein,  the  diminution  of  thoracic  pressure  allows  the 
atmospheric  preraure  not  only  to  drive  fOAOU  blood  towards  the  heart,  but 
also  U>  force  air  Into  the  open  vein,  and  tlltll  into  the  rimdalion. 

If  a  test  tulie  lie  inserted  iu  a  larger  test  tube  containing  water,  it  will 
lost  1 1  the  whole  be  inverted,  Hurface-tensiou  may  for  «.,me  timi  plWWl 
the  escape  of  water  ;  but  if  any  water  do  esca]»e,  the  atmospheric  pressure 
pushes  the  -mailer  tube  up  into  tbi  laity  i  one,  Iftd  Aw  causes  it  to  appear 
to  be  sucked  up. 

Alter  an  extreme  contraction  of  the  abdominal  mtiKele*,  there  i-  .  I.istn 
restitution  of  position  of  the  abdominal  walls,  and  the  intra-abdominal  pressure 
sinks.      Apparent  suction  is  thus  exercised  on  the  pelvk  diaphragm. 

When  in  a  joint  the  bones  arc  separated  by  extreme  r  extreme 

extension,  thfl  to  form  a  vacuum  lx-tween   them   permits  the  atmos- 

pheric pressure  to  press  skin  and  tissue  between  the  bones,  and  thus  to  form 
an  external  dimple. 

Columna  of  liquid  supported  by  the  atmospheric  pres- 
sure.— If  a  vessel  filled  with  liquid  he  inverted  with  its  mouth 
beneath  the  surface  of  liquid  stand  in,";  in  |  larger  m  ss.1,  we 
see  —  provided  that  the  inverted  vessel  does  not  exceed  a 
certain  height,  nlaiut  33  feet  in  the  case  of  water,  about  30 
inches  in  that  of  mercury — that  the  liquid  does  uot  fall  out  of 
the  inverted  vessel,  but  remains  in  position,  supported  by  tbfl 
atmospheric  pressure.  If  in  Fig.  116  the  inverted  vessel  have  a 
mouth  whose  area  is  <>,  and  if  the  height  of  the  column  of  laid 
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phcric  pressure  be  1,013,667*3  dyi  j.  cm.,  and  if  the  liquid  employed 


be  water  (/>  > 


l),  the  free  height  of  the  column  will  l-e  — 

HI 


If      1.018,667-3 


981 


1033*3  cm.  ;  while,  if  the  liquid  employed  be  iiH't-niry  (/>  =  1 3*596),  the  free 

,    .   ,       -   ,     ,  .  .       .  ...  ,     II       1,01 3,667  3      _„  .. 

lit  of  the  barometric  n'lmiiii  will  lie  -=--   _     - — —-    =  .  I  i-nce 

pg     13*596x981 

a  mercury  btVOID  much  more  convenient  an  instrument  thun  a  water 

1  barometer,  far  the  height  of  the  column  in  the  latter 

is  over  33  feet 
If  the  tube  be  tilted  obliquely,  it.-*  lowv  end 
being  kept  immersed,  tin-  liquid  will  BOVI  upwards 
\  in  the  tube:  the  vertical  height  ren.  ••red. 

\  ltt    fKig-  US). 

x  A  common  m  it-:  -pump  cannot  act  if  it  be  so 

deep  that  during  it*  action  the  tftmos]  -<ure 

^l  would  1.  |-port  a  greater  eolimui  than  one 

ran  tt of  about    33   f«vt  :   a  vaeuum    might   Ik;   produced 

•- *  at  the  top   of  the  cylinder  of  the   pump, 

no  ...  tnmn  trbcee  height  exceeded  H//r^  could  j  ■■ '  -  -  i  i  •  I  %  ascend  in  it.  The 
Torricellian  ■•  !  u  the  so-called  •  ■ir-pump.     A  fln*k 

is  filled  with  mercury  :  this  flank  h  BOfiBeOted  with  I  tlexihle  tube  also 
filled   with  mercury  :    this   D  ntinuous  with    that   in  a  cistern 

into  which  the  legible  tabe  dine.  The  flask  may  be  raised  a  certain  height 
witlvut  the  men  urv  leaving  it,  but  if  it.  be  raised  BO  high  that  the  upper 
limit  of  it*  cavity  cmi  >n  greater  than  UffiQ  al>ove  the  BOXi 

of  the  mercury  in  the  decern,  a  TorricelUan  vacuum  is  formed  by  some  of 
the  mercury  testing  the  flank.     The  vacuum  may  be  laterally  I  >  uith 

flicks  filled  with  fluids,  the  gases  contained  in  which  are  to  be  extracted  fop 
analysis.  When  the  Beak  is  raised  and  a  vacuum  formed  in  it.  the  liquid* 
in  the  lateral  flask?  effervesce  and  the  BBBee  pr<  \  tODlfy  •  ii.--i.lved  in  them  take 
their  places  in  the  mercury  flask,  which  may  be  disconnected  and  removed 
for  further  research. 

When  the   free   height  of  the  vessel   is  less  thai:   II  ,  /.  the 
column  of  li'iuM  fills  the  vessel. 

If  a  card  be  laid  across  the  mouth  of  a  tumbler  completely  filled  with 

•>.  the  whole  urn  be  inverted  ;   the  cud  will    n..j    .hup  ...If,  and  the  water 

will  not  d  i  the  trembler;  eimoephexk  pressure  keeps  the  whole  in 

It  is  important  to  ohetHi  that  there  is  no  tendency  for  the  car-i 
become  bulged  in  any  sense. 

A  pi  pet  tf  completely  tilled  with  liquid  and  closed  by  the  thumb  will 
not  allow  the  contained  liquid  to  escape,  unless  the  lower  oriflfll  b  eo 
oblique  <>r  irregular  nx   fee   permit  succcssi.  u   of  liquid   to  trickle 

away.  If  it  be  partly  filled  and  closed  bj  I  •  thunb,  the  pressure  of 
air  in  the  upper  part  would  neutralise  the  eflVt  of  the  external  atmos- 
pheric pressure,  and  the  li«juid  would  be  free  to  Call  MM  if  B0t  in  the 
fin*r  mrfkre  fwieinn  at  the  li  jic« 

be  very  small,  may  be  able  to  support  a  considerable  column  of  liquid,  and 
in  the  second  for  the  rarefaction  which  is  set  up  by  the  escape  of  some  drops 
of  liquid. 

A  gas-holder  may  contaiu  a  certain  quantity  of  gas  above  and  of  water 
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below,  n  -  l.i-  made   in  fcbfl  walls  of  the  vessel  below 

the  level  <>f  tin-  water — provided  that  it  1m  not  too  large — nana  of  the  gas 

Itespe,  f«T  t !■•--  at  hh.jhj.iIk-1  ic  pressure  Flf.117. 

keeps  the  whole  in  | 

It   H  often   of    importance   {i.i   keep 
f  in  ;i  cistern  at  a  constant  level. 

The  ■nansjuiMnt  shown  in  Fig  117 
enables  film  to  ba  done.  The  instant 
that  the  level  of  the  liquid  parses  belOW 
that  of  th  n--/:/.h-<  of  lie- 

Masks  A,  B,  C,  uir  en  tlasks.aml 

water  passes  in  to  m.    The  aggre- 

defiverJng  power  of  the  flasks  must 
not  be  less  than  thai  urn  itself. 


Ftff.ll«. 


"When   a   column   is  supported  by  tlie  atmospheric  pressure, 
its   own    latn  bum   'lifters 

at  different  altitudes.  This  is 
illustrated  by  the  Indication!! 
of  the  lateral  manometers  of 
Fig.  118. 

If   tin:  walls  uf  the   tube   in 
such  a  column  is  pupported 
these  wall*  will,  on  no  differ- 

i    th<-    internal   pressures 
at*i  thl  external  ;itnnHphern    piWIinrflf, 

!  i  o-d  to  Bin 
from  point  to  point  according  to  the 


; 


Flg\119 


■if    the.   Walll    Ik-    lleX- 

mercury  irill  leave  the  column, 
and  the  tabe  will  yield  laterally  m  in 

thk  it  will  do  until  the.  r-  i  Gui&er  diatortkuj 

liil'eivn-v  .,f  praeeare  which  t 
to  product  it. 

If  the  eolnaifl  I,  md  if  is  the 

une  way    the   containing  vessel  have  local   flexibilities,  th.- 
epp  I   it  will  yield  inwards,  the  lower  will 

hii'i..  '.hnuin  It  eetabbahed  between 

:ual  pressure,  the  atmo  pi  lasti- 

"f  the  walls.     If  the  whole  walls  !«•  flexible,  the  whole 
mats  becomes  pyriform  ;   ben  '■  lu-ric   njUBWHUl  pro- 

duces no  special  effect  in  tin-  deiaiininalAoa  of  farm,  fin 
equably  yielded  ta 

If  the  upper  pert  of  the  walls  be  rigid  while   tit  re  llexible.  the 

bulge,  bat  the  upper  will  he  c  Ailed,  provided  thai 

imn   has   a  height    not    greater   than   II  fuj  ;    if  the  height  Ik* 

greater,  there  will  be  ;>  T  It'  thl   upper  rij^i'l 

part  of  such  a  vessel  become  llexible  in  whole  or  in  part,  it  will  .nllapse  to 

some-  ad  fluid  will  »  the  lower  part  of  the  eohunn.     The 
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very    great 


The  Common  Pomp  (Fig.  121). — By  an  upward  stroke  of  the 
piston  the  air  in  the.  cylinder  AB  is  expanded  and  rarefied.  The 
atmospheric  pressure  drives  up  a  column  of  liquid 
along  DC.  The  piston  is  driven  downwards,  or  else 
descend  by  its  own  weight ;  the  valves  now  permit 
a  certain  quantity  of  air  to  escape  to  the  upper  side 
of  the  piston,  but  permit  none  to  return  to  the  column 
CD.  At  the  next  stroke  the  air  in  AB  and  CD  is 
again  rarefied,  and  more  water  rises  in  DC.  This 
1 1  the  water  rises  into  the  cylinder  AB, 

h  it  will  do  provided  that  the  column  CD  is 
somewhat  less  than  Tl/pj  in  height.  The  piston 
then  scoops  up  the  water  in  the  lower  part  of  the 
cylinder,  always  allowing  it  to  pass  to  its  upper  surface,  but  never 
to  return,  and  thus  at  each  upward  stroke  of  the  pump  water  is 
lifted  up  and  falls  out  at  E. 

By  the    force-pump  water  may  be   raised  to 
heights.     Fig.  122  shows  the  arrangement 
of  the  valves.      The  piston  is  solid,  and 
when  it  is  pressed  down  the  valve  E  is 

«-d,  while  air  or  water  is  forced  tlirough 
the  valve  F  against  the  pressure  of  air  or 
water  in  the  tube  (i,  which  tends  to  I 
that  valve.  In  the  Fire-engine  there 
may  be  one  or  two  such  force-pumps 
water  into  the  dome. 

Digression  on  Valves.—  There  are 
three  principal  types  of  valves    in  use. 
Of  these  the  first  is  the  ordinary  and  very 
ir  dapper  valve. 

The  second  is  the  conical  valve  shown  in  Fig.  123.  The 
Pressure  of  the  fluid  in  A  may  displace  the  valve:  a  spring 
r*-'tnrns  it  to  its  place  when  the  relative  pressure  in  A  has  become 
utly  diminished  to  permit  it  to  do  so. 

"K-123-    Fif.184. 


Firm 


IT 


The  third  kind  is  that  shown  in  section  on  Kg.  124.  The 
V**ton  AB  is  furnished  with  a  cap  of  indiambbcr,  which  is  slightly 
wk&Uer  than  the  tube  in  which  the  piston  moves.    In  the  direction 
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A  to  B  the  piston  can  be  freely  moved  through  the  liquid ;  but  if 
the  piston  be  moved  in  the  contrary  direction,  the  indiarubber  cap 
flies  open,  and  it  exactly  and  equably  fits  the  tube  so  that  no 
water  can  pass  it.  A  pouch  is  formed  :  the  greater  the  pressure 
within  the  pouch,  the  closer  the  apposition  between  the  indiarubber 
aud  the  walls  of  the  tube,  and  the  better  the  action  of  the  valve. 

A  somewhat  similar  form  of  valve  is  found  in  the  heart.  The  semilunar 
valves  (pulmonary  and  aortic)  consist  of  pouches  attached  to  the  walls  of  the 
vessel ;  they  lie  loosely  against  the  walls  and  allow  the  liquid  to  flow  past 
tin  in  as  it  issues  from  the  heart ;  but  when  a  backward  impulse  is  given  to 
the  blood,  or  the  valves  pushed  forward  against  the  blood,  they  are  caught 
by  the  liquid,  the  pouches  are  distended,  they  touch  one  another  and  com- 
j.liti-ly  block  up  the  lumen  of  the  tube. 

The  other  valves  of  the  heart  are  clapper- valves,  attached  to  the  walls  of 
the  cavity  of  the  heart,  two  or  three  in  each  situation,  together  attached  to  a 
complete  circumference,  acting  together,  slightly  overlapping  one  another,  and 
completely  closing  the  lumen  of  the  tube,  and  provided  with  tendinous  and  mus- 
cular arrangements  which  prevent  their  being  driven  too  far  towards  the  auricle 
when  they  are  impelled  backwards  by  a  predominant  ventricular  pressure. 

Measurement  of  Atmospheric  Pressure.— The  atmospheric 
pressure  II  jxt  unit  of  surface  may  be  easily  calculated  if  H,  the 
height  of  the  barometric  column,  be  known,  for  II  =  H/#.  The 
hi!  lit  of  stating  the  pressure  in  terms  of  H, — as  thus,  "a  pressure 
of  30  inches  of  mercury/' — is  general,  and  if  clearly  understood 
is  unobjectionable. 

The  height  of  the  barometric  column  is  subject  to  corrections 
for  capillarity  and  for  temperature ;  the  latter  involve  the  con- 
sideration of  the  less  density  of  warm  mercury,  and  of  the 
expansion  of  the  glass  of  the  tube,  which  expansion  involves  an 
alteration  in  the  correction  for  capillarity. 

The  aneroid  barometer  is  essentially  a  hollow  box  of 
elastic  metal  in  which  there  is  rarefied  air.  Any  given  amount 
of  external  pressure  produces  a  corresponding  amount  of  compres- 
sion of  this  box;  a  multiplying  arrangement  causes  a  lever  to 
licate,  by  its  position  in  reference  to  the  face  of  the  dial,  the 
amount  of  this  compression.  Careful  preliminary  graduation 
enables  the  absolute  amount  of  external  pressure  corresponding 
to  each  indication  of  the  instrument  to  be  recorded. 

The  pressure  II  =  llprj,  =  (say)  1,006,506  dynes  per  sq. 
cm.,  is  the  same  pressure  as  would  be  exerted  by  a  uniform 
atmosphere  throughout  which  y  was  uniform,  whose  uniform 

^      ■  ,  ,   -         .,        ,_  •  ^    „       n         1,006.506 

density  was  yjg-,  and  its  uniform  height  H  =  —  =  — r -— 

P'J       T^o"  x  9e»l. 
=  790,020  cm.  =  79002  metres.     If  a  barometer  on  the  floor 


XII.] 


ATMOSPHERIC  PRESSURE. 


323 


stand  at  76  cm.,  the  same  barometer  raised  to  the  height  of  1 

1 


metre  should  stand  at  a  height  of  76  cm.,  less 


10-4 


mm.,  a  per- 


ceptible diminution. 

The  pressure  does  not  diminish  regularly  with  the  height,  as 
it  would  in  an  ocean  of  incompressible  fluid.  The  lower  strata 
of  the  air  are  compressed,  and  therefore,  to  set  up  a  given  differ- 
ence of  pressure,  a  shorter  vertical  ascent  among  them  is  sufficient 
than  is  necessary  among  the  higher  strata. 

Each  stratum  differs  from  the  one  below  it  in  two  respects  : — 
(1)  it  has  fewer  strata  above  it;  (2)  it  is  therefore  less  com- 
pressed, and  for  equal  mass  has  greater  volume.  If  we  imagine 
the  whole  atmosphere  to  be  divided  into  7900*2  strata,  the  lowest 
of  them  all,  which  bears  the  weight  of  7899*2  strata,  will  be  1 
metre  thick ;  the  next,  which  bears  the  superincumbent  weight 

7899-2 
of  78982  strata,  will  have  a  thickness  of  1  metre  X  „QnQ     ; 

the  next  stratum  will  have  a  thickness  greater  than  this  in  the 

7898-2  ,    .     /        78992s       78982      7899-2 

^TWrZ'"'11  WU1  1>e  V  X  7898^)  X  7I9T2  =  7897^2  ; 

78992 
and  the  nth  laver  will  be  nat.tl  0 metres  thick. 

Altitudes  as  indicated  by  the  Barometer.— -If  x  be  the  vertical 
height  between  two  stations,  H  the  height  of  th-:  barometer  at  the  lower 
station  observed  at  temperature  t,  and  H(  the  height  of  the  barometer  at  the 
higher  station  at  the  temperature  t\  A  being  the  latitude  ;  then 


z  m  18393  .  (1  +  -002837  cos  A)  .  log  j1 


1  + 


■££V 

1000/ 


(Laplace's  Formula). 

Variations  in  the  barometric  pressure  occur  from  moment 
to  moment  as  the  atmospheric  ocean  is  disturbed  by  currents, 
driven  in  whirlpools,  varied  in  thickness  by  superficial  waves  or 
locally  fined  In  its  superincumbent  mass  by  expansion  (due  to 
heat)  and  lateral  overflow.  When  any  spot  has  a  low  pressure, 
there  is  a  tendency  for  the  surround  iug  air  to  rush  in  from  all 
■ides  towards  that  spot,  the  centre  of  depression;  the  greater 
the  difference  of  pressure  between  two  places — i.e.,  the  steeper 
the  barometric  gradient — the  greater  will  be  the  tendency  bo  ftp 
inflow  of  air  towards  the  centre  of  depression.  This  tendency  is 
so  modified  by  the  rotation  of  the  earth  from  west  to  east  (in  a 
direction  opposed  to  the  apparent  movement  of  the  sun)  that  the 
flow  does  not  take  place  directly  towards  the  centre,  but  round 
it   in   a  circular   storm  or  cyclone,  whose  direction  is  in   the 
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northern  hemisphere  opposed  to,  in  the  southern  the  same  as  that 
of,  the  hands  of  a  watch  (Dove's  Law  of  Storms).  The  wind 
whirls  round  th»-  OOQ&N  and  also  towards  it;  air  ascends  in  the 
centre :  it  expands  and  becomes  cooled ;  moisture  condenses  ;  rain 
falls.  "  Put  your  back  to  the  wind  and  the  barometer  is  lowed 
towards  your  left  hand  (northern  hemisphere)." — (Buys- Ballot.) 

Correction  for  pressure. — 'Variations  in  the  barometric 
pressure  render  it  necessary  in  measuring  quantities  of  gas  by 
volume  to  make  a  correction  for  pressure,  and  to  reduce  the  gas 
to  standard  pressure — i.e.t  to  state  what  the  volume  would 
have  been  had  the  atmospheric  pressure  at  the  time  of  measure- 
ment been  70  cm.  of  mercury.  Boyle's  law  teaches  us  that 
the  volume  varies  inversely  as  the  pressure.  If  therefore  t 
pressure  on  gas  measured  as  x  cub.  cm  at  701  cm.  had  been, 
not  76*1  but  76'0  cm.,  the  volume  of  that  gas  would  have  been 
under  the  less  pressure  in  the  ratio  of  76*1  to  76'0. 
The  general  rule  is,  that  a  volume  of  gas  measured  at  the  pressure 
h  cm.  of  mercury  must  be  multiplied  by  A/76  in  order  to  reduce 
it  to  the  standard  pressure. 

Standard  Atmospheric  Pressure. — In  many  modern  books,  instead 
Of  ii  pxMKEN  uf  76  BBS,  mercury,  or  1033296  cm.  water,  or  1,013,663376 
ilyne-i  per  sq.  cm.,  the  standard  atmospheric  pressure  is  taken  as  1,000,000 
dynes,  09  -,  per  sq.  cm. 

Gases  passed  into  the  Torricellian  Vacuum. — If  a  bubble 
of  gas  l>e  passed  into  the  Torricellian  vacuum,  it  will  expand  so  as 
to  till  it ;  further,  it  will  exert  pressure  on  the  top  of  the  column 
of  mercury — it  will  therefore  depress  that  column ;  the  extent 
to  which  it  depresses  the  column  measures  the  pressure  which 
it  exerts  upon  the  mercury :  conversely,  that  depression  measures 
the  pressure  of  the  mercury  upon  it,  and  therefore  indicates  th. 
pressure  under  which  it  itself  assumes  its  actual  volume. 

Let  a  baromctri-  tub*-  whose  cross  area  is  \  wj.  in.,  ami  whose  free  internal 
height  fa  34  inches,  have  standing  in  it  a  column  uf  30  inches  of  mercury. 
Pass  a  cubic  inch  of  air  (measured  under  a  pressure  of  30  inche*)  through  the 
ni- i  tin'  four-ineh-lon/  Torricellian  vacuum.      It  would  exactly  fill 

that  vacuum,  muting  I  promt  of  30  inches  on  the  top  of  the  mercury.  This 
is  impossible.  The  gas  expands  ;  it  depresses  the  mercury  through  x  inches  : 
it  is  then  subjected  to  a  pressure  of  x  in-  b<  -  ■  I  mercury  as  compared  with  the 
atmospheric  pressure  of  30  inches  unoVr  whi--h  it  was  measured.  Its  volume  is 
now  ace  ucreased  to  1  fab,  in.  x  80/&    The  length  of  tube  066U] 

by  this  v.  In!,,  i-  .in  x  1  1  20.  j-  inches  ;  of  these,  4  inches  were  alreo.1  % 
taken  up  by  the  vacuum.  The  actual  depression  is  therefore  (120/x)  -  4  ; 
but  thin  depression  is  x  itself.  Hence  x  =  (120/x)  -  4  ;  or  x  -=  91S  ;  and 
the  mercury  will  stand  in  the  tube  ut  a  height  of  20*85  inches. 


CHAPTER    XIII. 


HEAT. 


Heat  is  a  form  of  Energy.  It  would,  perhaps,  indeed  be 
more  correct  to  say  that  we  designate  under  the  one  name  Heat 
two  totally  distinct  forms  of  Energy.  The  one  of  these  is  the 
energy  of  a  wave-motion  in  the  Ether,  passing  from  a  hot  body  to 
surrounding  objects  across  the  intervening  space,  as  from  the  sun 
to  our  earth,  or  from  a  hot  fire  to  the  colder  objects  upon  which 
it  shine*:  this  we  call  Radiant  Heat.  The  other  form  is  that 
of  a  confused  oscillatory  disturbance  of  the  particles  of  a  body : 
in  virtue  of  this  molecular  movement  a  body  may  appear  to  our 
cutaneous  sense  of  heat  (a  sense  quite  distinct  from  that  of  touch) 
to  be  more  or  less  hot  or  warm ;  or  in  the  converse  case  it  may, 
on  account  of  the  small  amount  of  this  movement,  appear  to  be 
relatively  cool  or  cold.  The  latter  form  of  heat  may  be  called 
Sensible  Heat,  or  Heat  simply,  and  of  it  we  shall  proceed  bo 
treat  in  this  chapter.  It  is  the  only  form  of  heat  for  the  percep- 
tion of  which  we  have  special  sense-organs.  We  do  not  directly 
e  the  undulations  of  radiant  heat  by  our  senses:  when  the 
sun  shines  on  us  heat-waves  strike  the  skin,  throw  it  into  vibra- 
tions, and  the  sensible  heat  of  the  skin,  not  the  radiant  heat  of 
e,  affects  the  appropriate  nerve-ends.  When  we  touch  a  hot 
iy  it  communicates  its  oscillations  to  the  nervous  system  :  when 
re  approach  a  hot  body  we  become  indirectly  sensible  of  the 
it  undulations  into  which  it  is  throwing  the  surrounding 
Thus  we  may  state  that  our  sense  of  heat  is  our  power  of 
perception  of  the  confusedly- vibrating  condition  of  a  body ;  and 
that  the  more  pronounced  this  condition  of  agitation,  the  hotter 
will  a  body  appear.  A  hotter  body  may  be  readily  supposed — 
and  rightly  so  if  we  confine  our  attention  to  bodies  formed  of  the 
substance — to  have  in  it  a  greater  amount  of  Heat  than  a 
one.  And  a  hotter  body  can  become  cold,  a  colder  body 
become  w  at  can  be  supplied  to  bodies,  or  they  can  be 
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deprived  of  it ;  heat  can  be  gained  or  lost  by  material  bodies. 
The  primitive  interpretation  of  this  was  that  Heat  was  a  sub- 
stance, a  fluid,  the  so-called  Caloric,  invisible,  imponderable ;  that 
a  piece  of  hot  iron  was  a  kind  of  temporary  union  of  cold  iron 
with  this  .subtle  imponderable  fluid.  When  a  piece  of  metal  was 
rubbed  it  became  warm :  the  reason  assigned  was  that  Caloric  was 
squeezed  out  of  it,  like  water  out  of  a  sponge.  But  this  material 
theory  of  heat  became  untenable  when  it  was  shown  that  there 
was  absolutely  no  limit  to  the  amount  of  sensible  heat  which 
might  be  so  produced  by  the  friction  of  a  trifling  amount  of  metal ; 
the  amount  of  water  that  might  be  boiled,  for  example,  by  heat 
produced  in  this  way  depended  only  on  the  mechanical  power 
available  (Rumford).  The  heat  evolved  by  friction — as,  for  instance, 
in  metal  boring  or  turning — is  practically  limitless.  Even  two 
masses  of  ice,  caused  to  rub  against  one  another,  melt  (Davy) — a 
fact  which  leads  the  material  theory  of  heat  into  helpless  con- 
fusion. Water  was  admitted  to  be  ice  plus  caloric ;  if,  then,  ice 
with  its  calorie  rubbed  or  squeezed  out  of  it  and  lost — that  is  to 
say,  ice  miniis  caloric — become  water,  how  can  the  theory  stand  ? 
Plainly  Heat  is  not  material :  it  ii  the  Energy  imparted  to  the 
system — it  is  equal  to  the  work  done  upon  it ;  and  we  find  that 
Heat  and  the  other  forms  of  Energy  are  reciprocally  convertible. 

When  a  body  is  sensibly  hot  its  particles  are  in  an  active  stale  of  motion. 
The  particles  strike  one  another  and  rebound  ;  the  more  rapidly  they  do  so, 
the  greater  is  the  mean  velocity  of  the  particles,  and  the  greater  ib  the  kinetic 
energy  of  the  whole  mass  ;  but  it  is  impossible  that  the  energy  of  the  mole- 
cules should  be  entirely  due  to  such  a  movement  of  Truncation.  They 
arc  not  material  points,  and  they  have — if  not  in  solids  or  in  liquids,  yet 
certainly  in  gases — six  degrees  of  freedom  ;  when  they  strike  each  other  they 
not  only  rebound  bnt  they  also  spin  ;  to  the  energy  of  translation  must  bi 
added  one  of  Rotation.  Further,  the  molecules  are  mode  up  of  atoms : 
atoms  are  not  stationary  in  the  molecule,  bnt  may  be  so  violently  agitated  as 
to  leave  it  altogether,  and  thus  to  give  rise  to  the  |.h-.  immona  of  chemical 
decomposition  by  heat ;  part  of  the  energy  of  a  heated  body  is  due  to  intra- 
molecular Atomic  Oscillations.  Lastly,  the  ether  entangled  in  ■ 
cule  is  also  set  in  vibration,  and  absorbs  some  energy  which  appears  as  k 
energy  of  Ether- Vibrations.  The  sum  of  these  is  found,  by  the  agree- 
ment of  experimental  results  with  calculations  based  on  the  hypothesis  that 
such  is  the  law,  to  be  proportional  on  the  uverage — an  average  not  per- 
ceptibly departed  from  for  any  appreciable  interval  of  time — to  the  kiuetic 
energy  of  translation  alone. 

Heat    is    not   Motion,   for  it  is    neither   Chft&gt    of   Position,  nor    yet 
i turn  ;  it  i.o  tl><    '■■  '  I      ■  Double  the  quantity  of  molecular 

Motion,  and  you  quadruple  the  molecular  kinetic  Bnexgy,  that  i-*.,  tin-  Heat* 

The  convertibility  or  identity  of  heat  with  energy  is  independ- 
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ent  of  the  inner  mechanism  of  the  moving  molecules  which  possess 
it ;  and  it  is  confirmed  by  instances  from  all  sides. 

The  Energy  of  work  which  is  apparently  wasted  in  friction 
becomes  Heat :  the  heating  of  a  locomotive  brake,  the  ignition  of  a 
lucifer  match,  the  heat  evolved  during  the  mechanical  operations 
of  metal  boring  or  turning,  the  heat  found  in  a  body  which  has 
received  a  sudden  blow  or  a  sudden  distortion,  or  suddenly  yielded 
to  pressure, — all  these  prove  the  proposition. 

If  work  be  done  in  driving  a  paddle  in  water,  no  work  being 
done  other  than  that  of  churning  the  water,  when  the  operation  is 
over  the  work  appears  to  have  been  wasted  and  to  have  disappeared  ; 
ie  energy  is  not  destroyed  ;  it  exists  in  the  water  in  the  form 
of  heat  If  77255  foot-pounds  of  work  (measured  at  sea-level  and 
latitude  of  Greenwich,  Joule)  be  expended  in  churning  a  pound  of 
water,  the  temperature  of  that  water  will  be  raised  by  1°  R,  from 
60°  F.  to  0 1 c  F. ;  a  similar  rise  of  1°  C.  in  a  kilogramme  of  water 
will  be  effected  by  the  expenditure  of  423*985  kilogrammetres  or 
41,593,010,000  ergs  of  work.  Hence  the  water  at  the  base  of 
Niagara  Falls  ought  (setting  aside  the  effect  of  evaporation  and  of 
cooling  or  heating  by  the  air)  to  be  about  £°  F.  higher  in  tem- 
perature than  at  the  top,  for  the  vertical  fall  is  161  feet.  Hence 
also  the  sailor's  maxim  that  the  sea  is  warmed  by  a  storm. 

When  in  a  steam-engine  at  work  the  steam  at  its  entrance  to 

dinder  from  the  boiler  is  compared  with  that  which  goes  to 

tin  condenser,  it  is  found  that  the  latter  is  colder.     The  difference 

it  is  found  to  be  equivalent  to  the  work  which   the  engine 

has  done ;  and  if  the  engine  do  no  work,  then  the  energy  which 

not  been  converted  into  work  remains  as  heat  in  the  out- 
going steam,  and  the  engine  may  become  heated  (Him). 

When  a  quantity  of  gas  or  of  liquid  is  forced  through  a  tube, 
as  in  Fig.  109,  the  potential  energy  of  the  system  before  the  flow 
ie  started  is  greater  than  the  kinetic  energy  of  the  outflowing 
stream.  If  the  resistance  be  so  great  that  the  velocity  of  outflow 
is  practically  null,  the  whole  of  the  work  done  on  the  fluid  is 
spent  in  heating  it.*     The  work  done  is  equivalent  to  the  heat 

*  Tlii*  must  be  done  at  a  pressure  corresponding  to  a  certain  definite  head  H  of 
■om  fluid.  The  fl'ii'l  ll  bond  to  rise  in  temperature  by  x*  C;  a  head  of 
would  caufto  it  to  rise  by  Is  C. ;  a  vertical  free  fall  of  H/x  cm.  would  canite  it,  if 
abruptly  itopped,  to  riae  in  temperature  by  1°C. ;  the  amount  of  energy  correspond- 
ing to  fuch  a  fall  would  be  (H/x) .  mg  ergs  ;  thin  energy  in  the  form  of  heat  (H/x).  mg 
erg*,  would  heat  a  moas  m  of  the  fluid  through  1"  C.  ;  (H/x).?  ergs  would  heat  one 
gramme  of  the  fluid  through  1"  C.  ;  (H/x).  (g/k)  ergs  (k  being  the  specific  heat  of  the 
fluid,  p.  339)  would  heat  one  gramme  of  water  through  1    ('. 
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produced  We  are  now  able  to  state  the  First  Law  of  Thermo- 
dynamics. Heat,  being  a  form  of  Energy,  can  be  measured 
in  ergs,  in  foot-poundais,  or  in  foot-pounds. 

This  law  is  usually  stated  in  a  somewhat  different  form.  An 
arbitrary  unit  of  heat  is  chosen,  and  designated  a  caloric :  this  is 
the  amount  of  heat  which  is  required  to  raise  the  temperature  of 
one  gramme  of  water  from  0°  C.  to  1°  0.  This  quantity  of 
heat  is  found  to  be  41,593,010  ergs.  This  last  number, 
41,593,010  ergs  is  the  "Mechanical  Equivalent  of  Heat," 
or  "Joule's  Equivalent:"*  it  should  perhaps  be  called  the  Dyna- 
mical Value  of  the  Conventional  Unit  of  heat,  the  calorie.  The 
first  law  is,  then,  that  one  calorie  (ca)  is  equal  to  41,593,010 
ergs  or  41*59301  megergs. 

Another  unit  of  heat  has  been  proposed,  fihfi  Electromagnetic  Unit,  or 
10,000,000  ergs;  this  is  the  amount  of  heat  developed  in  one  second  in  an 
electrical  circuit  whose  resistance  is  one  Ohm  when  a  current  passes  whose 
intensity  is  one  Ampere.     (See  p.  592.) 

Heat  is  energy,  and  it  is  the  lowest  form  of  energy.  It  may 
be  said  to  have  no  organisation,  but  to  depend  on  undirected  and 
blind  activity  of  molecules,  which  dash  hither  and  thither. 
When  in  any  action  energy  is  liberated  which  is  not  guided  by 
the  environment  into  any  specialised  form,  it  manifests  itself  as 
heat ;  and  when  energy  is  spent  in  doing  work,  the  equivalent  of 

i  appears  in  no  other  form,  it  then  appears  as  heat  This 
statement  is  widely  applicable  and  important 

Work  dune  upon  a  dynamoelectric  machine  whose  circuit  is  complete 
appears  in  the  first  place  as  the  energy  of  an  electric  current  :  if  no  exterior 
work  be  done,  the  system  as  a  whole  becomes  heated. 

A  voltaic  cell  can  do  exterior  work  :  if  it  do  none,  the    current 
allowed  to  circulate  uselessly,  the  whole  of  the  energy  liberated  during  the 
chemical  combination  appears  as  heat  in  the  circuit. 

Heat  being  a  form  of  energy,  many  propositions  relating  to  it 
are  merely  special  cases  of  propositions  relating  to  energy. 

If  a  certain  number  of  bodies  be  arranged  in  a  system  A 
whose  potential  energy — depending  on  the  arrangement  of  the 
bodies  in  the  system — is  PA ;  if  the  same  bodies  can  be  arranged 
in  other  systems  B,  C,  D,  whose  respective  potential  energies  (less 
than  that  of  the  former)  are  PR  PCt  PD  etc. :  then  the  transforma- 
tion of  the  more  highly-stressed  system  A  into  a  less-stressed 

*  Joule's  Equimlcnt  in  its  original  form  was  a  number  (772)  which  denoted  the 
mnnlier  of  foot-pound*  of  work  found  to  be  equivalent  to  the  heat  necessary  to  raise 
1  lb.  of  water  through  1°  F. 
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system  B,  if  this  be  brought  about  by  a  rearrangement  of  its  con- 
ueut  bodies,  involves  a  liberation  of  energy  equal  to  l'A  — i'H. 
II  in  this  case  the  system  A  be  converted  into  the  system  B  with- 
out doing  any  exterior  work,  the  whole  of  the  energy  liberate*  I 
appears  in  the  form  of  heat ;  and,  numerically  expressed,  the  heat 
tli  us  liberated  is  equal  to  the  work  W  which  would  have  had  to 
be  done  upon  the  system  B  in  order  to  convert  it  into  the  system 
A ,  if  that  converse  operation  had  been  effected ;  that  is,  the  heat 
so  liberated  is  equal  to  W  =  PA  —  PB. 

A  gramme  of  hydrogen  and  eight  gramme*  of  oxygen  form  a  system 
(system  A  J  which  after  explosion  may  be  converted  into  nine  grammes  of 

•  r- vapour  of  the  same  volume  t-y*tem  B)  at  a  temperature  of  13G 
The  former  is  converted  into  the  latt.j  without  doing  any  exterior  work. 
Mi.  t.he  form  of  heat,  ami  though  the  absolute  values 

l\  and  PB  are  unknown,  their  difference  is  found  (see  Culorimetry)  to  W 
an  amount  of  energy  equivalent  to  28,680  ca. 

If  the  product*-  be  QOOled  down  to  nteam  at  100°  C,  the  total  amount  of 
heat  liberated  is  equal  to  28,738  ca,  or  1,195300,000000  ergs  ;  if  to  water 
at  0"  C,  it  is  equal  to  34,462  ca,  or  1,433,378,310000  ergs,  or  1,433378-31 
megergs.  The  potential  energy  which  such  a  mixture  loses  when  its  particles 
clash  together  and  combine  is  the  energy  of  chemical  Reparation.  A  mixture 
of «  [&sei  may  be  made  to  yield  up  some  of  this  energy  in  the  Win 

of  work,  as  in  the  modern  gas-engine  ;  if  no  work  be  done,  and  if  there  be  no 

r  transformation,  the  whole  of  it  must  appear  in  the  form  of  heat. 

Chemical  combination  is  thus  often  attended  with  the  evolution  of  heat. 
One  gramme  of  carbon  burned  in  oxygen  yields  8,080  ca  or  336,071,820800 
ergs;  1  gramme  of  carbonic  oxide  yield*  2,403  ca  (2,431  flfl,  Andrews); 
1  gramme  of  marsh-gas,  13,063  ca;  1  gramme  of  dry  albumen,  4,998  ca; 
urea,  2,206  ca;  fat,  9,096  ca  ;  starch,  3,901*2  ca,  or  162,262,650,612 
erg»  per  gramme  (Frankland). 

When  copper  or  antimony  is  dropped  into  chlorine  it  tikes  fire,  and  a 
chloride  is  formed  :  heat  is  evolved. 

In  some  instances  the  converse  is  true  ;  work  has  to  be  done  upon 
separate  elements  in  order  to  force  them  directly  or  indirectly  to  combine  : 
and  when  their  compound  decomposes,  heat  is  evolved.  Carbon  and  sulphur 
will  only  combine  when  they  are  kept  hot  by  an  external  source  of  heat : 
they  must  be  forced  to  combine.  Nitrous  oxide  (N20)  evolves  heat  when  it 
is  decomposed  into  nitrogen  and  oxygen  ;  and  hydrogen  dioxide  (H202)  evolv. ■ 
heat  when  it  is  decomposed  by  contact  with  platinum. 

A  change  from  the  condition  1*  to  the  condition  A  (which 
possesses  more  potential  energy)  cannot  be  effected  unless  there 
be  energy  added  ah  externa,  or  else  unless  some  of  the  kinetic 
energy  of  the  body,  if  it  have  any,  assume  the  potential  form  ■ 
in  the  latter  case  the  body  may  lose  sensible  heat,  and  may 
become  eakL 

When  ft  n posit  ion  is  effected  by  heat,  if   heat  had  been 

•  luring  the  formation  of  the  compound,  heat  must  08  continuously 
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lions,  anil  to  eflbaft  the  reverse  operation  by  another  series,  such  that  the  one 

Df  changes  would  evolve  more  energy  than  the  converse  one  consumed, 

and  the  result  would  be  a  repeated  restoration  of  tint  status  quo,  associated  with 

|  -timl  supply  of  energy,  available  for  useful  work,  and  created  out  of 

hog, 

The  energy  absorbed  by  n  system  during  a  given  change  of 
state  is  exactly  equal  to  that  which  is  liberated  when  the  change 
is  revered  I. 

It  is  assumed  in  this  statement  that  no  exterior  work  is  done  through  the 
instrumentality  of  the  change  of  state. 

The  potential  energy  of  every  system  of  bodies  always  tends 
bo  diminish  as  far  as  possible.  Ever}-  system  which  possesses 
potential  energy  thus  tends  to  lose  it ;  its  potential  energy  tends 
to  become  kinetic,  and,  if  it  assume  no  other  form,  to  take  Bu 
unspecialised  form  of  heat.  In  any  system  which  undergoes 
spontaneous  transformation,  the  transformation  generally  tends, 
unless  prevented,  to  take  such  a  course  that  the  heat  evolved  by 
it  shall  be  a  maximum.*  If  there  be  any  such  transformation 
possible,  which  would  be  accompanied  by  the  evolution  of  heat, 
that  is  a  necessary  transformation,  and  sooner  or  later  it  will 
take  place,  directly  or  indirectly,  the  potential  energy  of  the 
system  being  added  to  the  unavailable  heat  of  the  universe. 

Tn  many  cases  a  single  change  of  state  may  be  analysed  into 
several  others.  The  heat-value  of  the  total  change  is  equal  to 
the  sura  of  the  heat-values  of  the  separate  component  changes. 

Thus  when  a  piece  of  sodium  is  put  into  water  the  following  changes 
occur  simultaneously : — (1)  decomposition  of  water  into  free  atoms  of  hydrogen 
and  oxygen ;  (2)  coalescence  of  atoms  of  hydrogen  to  form  molecules  ;  (3) 
reduction  of  hydrogen  to  the  gaseous  state  ;  (4)  exterior  work  done  by  the 
hydrogen  escaping  against  atmospheric  pressure  ;  (5)  combination  of  sodium 
wjtli  OSJgn  ami  hydrogen  atoms  to  form  sodium  hydrate;  (6)  solution  of 
■Qdfaun  hydrate  in  wuter.  Each  of  these  changes  has  its  own  heat-value, 
I  or  negative,  according  U  it  involves  the  evolution  or  the  absorption 
of  a  certain  amount  of  energy.  On  il  I  v.  Im!.-,  potential  energy  is  lost  and 
heat  if*  liberated. 

The  combustion  of  8  grins,  oxygen  with  1  grm.  H.  yields  34,462  ea  heat. 
The  same  quantity  of  the  MOD  combining  in  the  nascent  state  yields 

54,623  ca.  Hence  the  heat  evolved  during  the  combustion  of  one  gramme 
of  hydrogen  is  the  resultant  of  an  absorption  of  energy  (20,161  ca)  due  to 
the    break-up    of  the    gaseous    molecules    into    atoms,    and    an   evolution 

•  Bsrthelofs  Micanique  Chimique  contains  the  very  interesting  and  important 
results  of  sixteen  years'  experiments  on  this  aspect  of  chemical  physics.    M.  Berthelo 
has  thrown  groat  light  on  the  subject,  and  he  gives  very  complete  references  to  the 
papers  of  Thomson  and  others  who  have  studied  chemical  reactions  from  this  point 
of  view. 
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(54,623  ca)  due  to  tbe  combination  of  these  atoms  in  the  formation  of  water- 
molecules  and  condensation  into  liquid  water  at  0"  C.  The  balance  of  the 
account  shows  energy  to  be  liberated  as  heat 

When  a  gas  is  dissolved  in  water  there  are  two  effects: — (n)  liqufbatfoa 
of  gas  with  evolution  of  heat;  (6)sati  I   affinity  bafev 

the  water  and  the    gas,  with   the  evolution   of  .«M  i.^it.      WllflO 

NH3-gas  is  dissolved  in  water,  there  is  no  evolution  of  heat  corresponding  to 
any  union  of  NHS  and  H20  to  form  NH4IIO. 

When  a  solid  is  dissolved  in  watvr  the  liquefaction  of  the  solid  causes 
l  of  heat  (M  in  iWy.iii^  DOJXtana),  whih-  the  satisfaction  of 
mutual  chemical  affinity  causes  its  evolution.  When  glacial  BOSttfi  acid  is 
dissolved  in  water,  the  absorption  of  heat  caused  by  imparting  greater 
fluidity  to  the  acetic  acid  overpowers  the  evolution  of  heat  due  to  chemical 
uni 

When  two  or  more  changes  of  state  occur  concurrently,  it 
may  be  that  some  of  these  changes  are  accompanied  by  the  libera- 
tion, some  by  the  absorption  of  heat,  and  that  these  changes 
exactly  compensate  each  other;  the  result  being  that  on  tit. 
whole  there  is  neither  absorption  nor  lil>eration  of  heat. 

It  example,  a  gas,  while  expanding  (from  whatever  cause), 
against  the  atmospheric  pressure,  does  work  in  lifting  the  atmos- 
phere ;  if  it  increase  in  volume  alone,  without  undergoing  any 
change   in    its   tern  energy  must    be    supplied    to  it  in 

order  to  enable  it  to  do  this  work  ;  if  it  diminish  in  tempera- 
ture without  suffering  any  change  in  its  volume,  it  must  neces- 
sarily lose  heat;  if,  on  the  other  hand,  it  undergo  both  these 
changes — increase  in  volume  and  diminution  of  ten  • — 

concurrently,  it  is  possible  that  these  two  changes  may  be  so 
adjust*. I  that  tbe  body,  while  it  undergoes  the  double  change, 
neither  loses  heat  nor  acquires  energy  from  without.  Such 
exj  is  called  (Rankine)  adiabatic  expansion — expansion 

during  which  the  substance  neither  gains  nor  loses  heat  by 
conduction  or  radiation  to  or  from  surrounding  objects,  and  in 

course  of   which,  as   it  expands,   it  cools   down.     Tins 
a  kind  of  operation  which  could  only  be  perfectly  realised  in 
B   if  the  expansion  were  infinitely  rapid;    but  any  gas 
ddenly  expanded  is  thus  chilled.     Conversely,  adiabatic  con- 
traction of  volume  is  associated  with  increase  of  temperature. 


W^  have  hitherto  regarded  any  change  of  state,  simple  or 
complex,  as  a  possible  antecedent  cause  of  the  liberation  or  of  the 
disappearance  of  heat  We  shall  now  change  our  standpoint, 
and  consider  the  effects  (including  change  of  state  or  of  condition) 
produced  by  the  increase  of  heat  in  a  body  or  by  its  withdrawal. 
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Effects  of  Heat. 

The  principal  effects  of  an  increase  of  heat  in  a  body  may  be 
the  following : — 

A.  Internal  Work. 

a.  Increase  of  the  kinetic  energy  of  the  molecules  of 

the  body — an  increase  of  the  sensible  heat  of  the 
body  ;  i.e.,  an  increase  of  temperature. 

b.  Intermolecular  work — work    done    by   or   against 

molecular  forces — change  of  volume,  change  of 
cohesion,  change  of  elasticity,  etc. 

e.  Intramolecular  work — work  done  within  each  several 
molecule— production  of  intramolecular  vibra- 
tions. 

d.  Oicmical  work,  intermolecular  and  intramolecular. 

B.  External  Work. — Work  done  by  or  on  a  body  as  it 

expands  or  diminishes  in  bulk. 

These  effects  are  not  necessarily  all  produced  by  the  action  of 
heat  upon  any  substance. 

There  may,  as  in  the  following  example,  be  no  external  work 
done  when  a  body  is  heated ;  the  whole  energy  imparted  to  the 
body  being  spent  upon  the  internal  accumulation  of  energy  in  the 
form  of  li-  at.  Water  at  3°#4  C.  if  heated  to  4D,4  C.  first  contracts 
and  then  returns  to  its  original  dimensions.  On  the  whole  there 
is  in  this  case  no  external  work  done.  Neither  is  there  any 
work  done  in  giving  the  particles  a  new  position  in  opposition  to 
tin:  intermolecular  forces,*  nor  is  there  any  chemical  effect.  The 
whole  heat  imparted  may  thus  be  held  to  be  spent  in  raising  the 
temperature  by  1°  C. 

When  a  bar  of  iron  is  heated  in  a  vacuum  there  are  two 
effects:  (1)  increase  of  temperature;  (2)  expansion  of  tlu«  b 
which  represents  work  done  against  the  molecular  forces.  When 
the  same  bar  is  heated  in  air,  there  is  added  a  third  effect, 
viz.,  the  thrusting  aside  of  the  surrounding  air  by  the  expanding 
bar,  in  consequence  of  which  exterior  work  is  done  during  expan- 
sion. In  a  bar  of  iron  the  exterior  work  done  in  this  way  is  very 
small,  and  the  interior  work  done  predominates  so  largely  that 
the  exterior  work  may  for  many  purposes  be  neglected. 

•  This  statement  i*  only  approximately  true,  for  there  are  physical  difference* — 
of  viscosity  and  the  like— between  water  at  3*-4  C.  and  water  at  4'4  C.  The  tem- 
perature of  the  maximum  density  is  lowered  0**0177  C.  per  at  mo.  pressure  (Tait). 
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When  a  mass  of  gas  is  heated,  the  work  which  is  done  in 
expanding  the  gas  itself  is  appreciably  null,  for  this  is  one  of  the 
characteristics  of  gases;  if  there  be  any  work  done  during  the 
expansion,  it  is  all  exterior.  The  effects  in  this  case  are  two : 
(1)  the  increase  of  temperature ;  (2)  exterior  work  done  in  over- 
coming the  exterior  (atmospheric  or  other)  pressure. 

When  water  above  3°'9  C.  is  heated  it  expands.  The  effects 
are — ( 1 )  increase  of  temperature ;  (2)  work  done  in  separating  the 
molecules ;  (3)  a  small  amount  of  work  done  against  the  external 
pressure. 

When  water  between  0°  and  3a,9  C.  is  heated  it  contracts. 
The  effects  are- — (1)  increase  of  temperature;  (2)  intermolecular 
work;  (3)  a  small  amount  of  work  done  by  the  external  pressure. 

When  a  piece  of  caoutchouc  is  heated  it  contracts  ;  when  pulled  it 
expands  and  assumes  the  dimensions  proper  to  a  lower  temperature,  inter- 
molecular energy  is  set  free,  and  the  caoutchouc  becomes  warm.  A  piece  of 
metal  suddenly  extended  becomes  cool. 

When  ice  at  0°  C.  is  heated  the  whole  energy  imparted 
to  it  is  expended  in  producing  the  following  results: — (1) 
Fusion,  with  contraction  of  volume  (intermolecular  work — work 
spent  in  producing  a  new  arrangement  of  the  molecules) ;  (2)  A 
slight  amount  of  work  done  by  the  exterior  pressure  on  the  body. 
The  latter  may  be  for  most  purposes  neglected ;  if  we  do  so  we 
may  say  that  all  the  heat  supplied  to  the  ice  is  spent  in  doing 
the  interior  work  of  liquefaction,  and  that  none  of  it  is  spent  in 
producing  an  increase  of  temperature.  When,  therefore,  a  piece 
of  ice  is  heated  it  melts,  but  it  does  not  rise  in  temperature 
until  it  has  been  wholly  melted.  The  water  produced  has  a  tem- 
perature of  0°  C,  and  it  does  not  begin  to  rise  in  temperature  until 
the  ice  has  entirely  disappeared  :  when  this  has  occurred,  the  con- 
;ed  action  of  beat  causes  the  water  to  rise  in  temperature. 

A  gramme  of  ice  at  0"  C.  absorbs  80*025  (Bunsen)  ca  of  heat,  and 
becomes  a  gramme  of  water  at  0*  C.  Conversely,  a  gramme  of  water  at 
O*  C.  must  continue  to  lose  heat  until  it  has  parted  with  80025  ca  before 
it  can  become  a  gramme  of  ice  at  0*  C. ;  whence  we  observe  that  water  does 
not  freeze  throughout  at  the  instant  of  the  thermometers  touching  the 
freezing  point. 

It  was  obvious  that  a  gramme  of  water  differed  from  one  of  ice  in  some- 
how possessing  80  025  ca  of  heat ;  but  this  was  not  sensible  to  the  ther- 
mometer ;  hence  the  heat  so  possessed  by  the  water  was  said  to  be  hid  del 
or  Latent  Heat.  We  now  know  that  it  is  not  Heat  of  any  kind  ;  it  is 
latent  or  potential  Energy  ;  work  must  be  dune  against  molecular  forces  in 
to  convert  ice  into  water :  water  somehow  differs  from  ico  at  the  same 
lexnperaturc  in  possessing  more  potential  energy. 
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Direct  increase  of  the  kinetic  energy  of  the  particles  of  a 
heated  gas  is  demonstrated  by  the  Radiometer. 

If  a,  surface  he  heated,  a  molecule  of  gas  striking  against  it 
is  heated;  it  leaves  the  hot  surface  with  a  velocity  greater  than 
that  with  which  it  had  approached  it.  If  the  surface  be  fixed, 
the  gas  in  front  of  it  is  driven  away  from  it  by  the  bombardment 
of  the  molecules  which  have  touched  the  hot  surface,  and  on  fahoix 
return  strike  their  fellow-molecules ;  in  front  of  the  hot  surface 
the  gas  is  therefore  under  a  greater  pressure  than  it  would  have 
been  had  the  surface  been  cold.  If  the  hot  surface  be  not  fixed, 
tliia  increase  of  pressure  has — reaction  buing  equal  and  contrary 
to  action — a  tendency  to  drive  that  surface  backwards. 

If  the  hot  surface  be  the  front  aspect  of  a  disc,  the  back  of 
which  is  by  some  means  kept  colder  than  the  front,  and  if  this 
disc  be  suspended  in  a  gas,  the  heat  of  the  front  surface  increases 
the  pressure  towards  the  front,  and  the  gas  flows  round  to  the 
back  of  the  disc.  Thereafter  the  disc  is  struck  on  the  hotter 
surface  by  fewer  molecules  with  greater  velocities,  on  the  colder 
surface  by  a  greater  number  of  molecules  with  lesser  velocities ; 
there  is  thus  compensation ;  the  result  is  that  the  disc  is  equally 
pressed  upon  in  front  and  on  the  back ;  it  does  not  move. 

Let  us  now  suppose  that  the  particles  recoiling  from  the 
heated  surface  do  not  meet  other  molecules,  but  impinge  on  the 
walls  of  the  vessel.  A  layer  of  particles  in  such  a  condition  la 
called  a  Crookes's  layer. 

This  will  occur  in  two  cases-— (1)  when  the  gas  is  so  rarefied  that  the 
mean  free  path  of  the  molecules  exceeds  the  distance  between  the  hot  surface 
and  the  walls  of  the  vessel ;  (2)  when,  whatever  the  density  of  the  gas,  the 
opposite  wall  is  so  near  the  hot  surface  that  the  distance  between  them  i- 
less  than  the  actual  mean  free  path  of  the  molecules.  These  conditions, 
which  are  substantially  identical,  may  concur  :  there  may  be  both  rarefaction 
of  the  gas  and  approximation  of  the  opposed  surfaces. 

In  such  a  case  there  is  no  flow  of  gas  from  the  hotter  surface 
towards  the  colder  one:  each  molecule  which  strikes  the  hotter 
surface  and  rebounds  with  a  greater  speed  adds  independently  to 
tin-  uo.il  which  the  hotter  surface  suffers,  and  if  the  hotter  sur- 
face be  movable,  it  is  driven  backwards.  If  it  be  not  movable, 
the  particles  which  rebound  from  it  strike  the  opposite  wall  of 
the  containing  vessel,  and  that  wall  baa  a  tendency  to  move 
forward. 

There  is  yet  another  case :  if  the  rarefaction  of  the  gas  be 
extreme,  the  particles  which  strike  the  heated  surface  are  few  in 
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number  or  none  at  all,  there  is  little  or  no  recoil,  and  there  is  no 
movement  set  up  when  the  rarefaction  is  cam 

The  disc  of  which  we  speak — a  disc,  of  which  one  face  is  kept 
hotter  than  the  other — may  be  a  disc  covered  on  the  one  side  with 
some  heat-absorbent  material  such  as  lampblack,  the  other  face 
being  whitened.  When  radiant  heat  or  light  falls  upon  the  disc, 
in  an  equally -lighted  field,  the  blackened  side  becomes 
hotter.  If  such  a  disc  be  suspended  vertically  by  two  thre;i 
will  diverge  slightly  from  the  perpendicular.  Such  a  disc  may 
be  attached  to  the  end  of  a  counterpoised  rod,  the  whole  being 
suspended  by  two  threads:  tie  o!  heat  on  light  is  to  twist 

the  suspending  threads  to  a  certain  extent.  If  the  suspensory 
arrangement  lie  replaced  by  a  pivoting  one,  we  have  the  Radio- 
meter. A  globe  of  glass,  in  which  a  vacuum  is  made,  carries  a 
vertical  needle  axially  fixed,  on  the  summit  of  which  is  poised  a 
rotating  vane  consisting  of  light  rods,  to  the  extremities  of  which 
discs  are  affixed,  each  similarly  blackened  on  one  side.  Such  an 
instrument  placed  in  tight,  even  a  uniformly-lighted  field,  has  the 
black  sides  of  its  discs  more  heated  than  the  unblackened  sides, 
and  if  the  radiance  be  of  sufficient  energy  the  vane  rotates. 
Moonlight  is  too  weak  to  produce  this  effect :  a  candle  will  make 
a  sensitive  radiometer  rotate;  a  paraffin  lamp  without  a  globe 
vmII  at  close  quarters  make  the  vane  fly  round  so  fast  as  to  be 
invisible. 

If  a  radiometer  be  floated  in  water,  and  if  the  vane  be  so 
constructed — one  of  its  spokes  being  a  magnet — that  a  powerful 
magnet  in  the  neighbourhood  can  hold  it  motionless,  when  the. 
radiometer  is  exposed  to  light  the  bulb  itself  will  rotate  in  the 
water  in  which  it  Moats. 

The  radiometer  is  a  machine  in  which  heat  (generally  derived 
from  the  transformation  of  light  into  heat)  is  directly  converted 
into  the  energy  of  work. 

Tin?  less  the  distance  between  the  discs  and  the  walls  of  the 

the  greater  will  be  the  effect,  and  the  faster  will  the  vane 

rotate,  provided  that   the  rarefaction  is  less  complete  than  that 

ii  gives  the  greatest  effect.  Too  complete  a  rarefaction  is  not 
an  advantage,  for  it  leaves  an  insufficient  supply  of  working 
molecules. 

When  the  distance  between  the  disc  and  the  opposite  wall  is 
excessively  small,  the  vacuum  need  not  be  very  good ;  indeed  the 
effect  of  repulsion  may  be  made  manifest  even  in  the  open  air. 

When  a  drop  of  water  is  placed  upon  a  very  hot  iron  it 
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assumes  the  so-called  Spheroidal  State ;  it  does  not  wet  the  hot 
iron,  but  gathers  itself  into  a  drop,  which  rapidly  evaporates  and 
the  local  conditions  of  its  surface-tension  so  as  to  present 
an  appearance  of  varying  scroll-work  on  its  surface,  while  <ln 
drop  oscillates  so  as  to  present  the  form  of  rosette  and  other 
patterns,  these  being  due  to  the  formation  of  nodes  and  vibrating 
loops.  The  drop  may  be  of  very  considerable  dimensions — several 
ounces  in  weight  It  does  not  touch  the  iron  ;  there  is  an  inter- 
vening layer  of  aqueous  vapour  on  which  it  floats  ;  through  the 
space  intervening  between  the  drop  and  the  hot  solid  the  light 
of  a  candle  may  be  seen.  This  layer  of  aqueous  vapour  is  a 
"  Crookes's  layer  ; "'  particles  strike  the  heated  surface,  rebound, 
and  strike  the  liquid,  thus  maintaining  a  clear  space  between  Liu* 
metal  and  the  drop.  Ether  and  small  drops  of  bromine  float  in 
the  same  way  on  the  surface  of  hot  water.  A  lump  of  carbonate 
of  ammonia  thrown  into  a  red-hot  platinum  crucible  assumes  the 
spheroidal  .state  superficially,  but  does  not  melt.  The  hand  can 
be  safely  immersed  in  melted  metal  if  it  be  not  too  dry,  and  if 
the  immersion  be  effected  with  a  certain  degree  of  prompt  de- 
liberation ;  a  Crookes's  layer  of  water-vapour  intervenes  between 
the  hand  and  the  metal. 

When  liquid  sulphurous  acid  is  dropped  into  a  white-hot 
platinum  crucible  it  sinks  greatly  in  temperature  on  account  of 
its  rapid  evaporation  and  its  slow  reception  of  heat  across  the 
Crookes's  layer ;  if  a  little  water  be  added  to  it  the  water  freezes. 
Ice  can  thus  be  produced  in  a  white-hot  platinum  crucible.  A 
similar  Crookes's  layer  is  formed  if  a  quantity  of  solid  carbonic 
dioxide  be  lightly  placed  on  the  tongue ;  the  extreme  cold 
(—80°  C.)  is  not  felt. 

When  the  hot  solid-body  cools  down,  the  Crookes's  layer  dis- 
appears, the  liquid  suddenly  comes  in  contact  with  the  solid  still 
relatively  hot,  and  the  liquid  explodes  in  vapour.  This  occurs  in 
the  case  of  water  and  iron  at  al>out  I 

Melted  copper  can  be  cast  under  water  in  a  canvas  mould  ;  and,  wu^u- 
l.irlv,  it  often  remains  fluid  bo  long  and  cools  down  so  far  in  that  condition 
that  there  is  no  explosion. 

Increase  of  Temperature.— We  have  freely  made  use  of 
the  term  temperature  because  it  is  a  term  in  common  use,  and 
not  likely,  so  far  as  we  have  used  it,  to  lead  to  ambiguity.  We 
have  still  to  defer  the  consideration  of  thermometry ;  but  we  must 
ii.v.  consider  increase  of  temperature  as  directly  due  to  increase 
of  the  molecular  kinetic  energy  of  i  When  wc  double 
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the  Molecular  Kinetic  Energy  of  a  hot  body  we  double 

its  Temperature. 

Observe  that  it  ia  not  asserted  that  we  double  the  temperature  when  we 
ilouhlt*  Um  total  BBOVgy  of  a  IhmIv  :  RHM  may  iliwip^ar  in  dofalg  work,  and 
take  the  form  of  the  so-called  latent  heat. 

This  implies  that  there  must  be  some  point  of  Absolute  Zero 
of  Temperature,  imlejn -ndi  nt    of  the  conventions   of  Fahrenh* it. 
•  is,   and    others,  afterwards   to   be    explained — a  point   of 
Absolute  Cold,  beyond  which  no  cooling  is  conceivable 

We  have  already  seen  that  in  a  perfect  gas — one  in  which 
there  is  no  complication  due  to  inter-molecular  forces — the  pres- 
sure is  proportional  to  the  molecular  kinetic  energy  of  a  given 
mass,  occupying  a  given  volume ;  the  temperature  is,  or  may  by 
lion  be  held  to  be,  also  proportional  to  this  kinetic  energy; 
it  follows  that  the  Temperature  ia  proportional  to  the 
■>ure  when  the  volume  occupied  by  a  given  mass  remains 
unchanged  It  is  found  that  in  all  gases  the  pressure  diminishes 
by  about  ^)  s  for  each  centigrade  degree  of  cooling,  the  tempera- 
ture of  0°  C.  being  the  starting  point,  and  the  volume  being 
maintained  constant.  If  a  gas  could  be  cooled  down  in  this 
way  to  —  273°  C.  (a  feat  unachieved),  it  would  have  no  pressure 
and  therefore  no  temperature,  for  it  would  have  no  kinetic  energy, 
no  heat  The  Absolute  Zero  of  temperature  is  therefore  —  273° 
C.  (or  more  accurately— 27  3°"  7  2  C),  and  the  Absolute  Tem- 
perature of  a  body  whose  temperature,  as  measured  by  the 
'.rrade  thermometer  (see  p.  370),  is  x  C,  is  (273  +xf  Abs. ; 
thus  the  boiling  point  of  water,  100°  C,  is  373°  Abs. 

Specific  Heat — The  heat-energy  of  a  molei  ale  of  hydrogen 
is  equal  to  that  of  a  molecule  of  oxygen  at  the  same  temperature  ; 
bolt  the*  latter  weighs  sixteen  times  as  much  as  the  former,  aiul  a 
mass  of  hydrogen  contains  sixteen  times  as  many  molecules  as  an 
equal  mass  of  oxygen  under  similar  physical  condition.*-.      Hence 

«n  mass  of  hydrogen  at  a  given  temperature  possesses  si 
times  as  much  heat-energy  as  an  equal  mass  of  oxygen  at  the 
temperature. 
To  produce  a  given  rise  in  the  temperature  of  a  mass  of 
-gen  we  must  supply  sixteen  times  as   much   heat  as  we 
wiiuld  find  necessary  to  produce  an  equal  rise  of  temperature  in 
an  equal  mass  of  oxygen  ;  the  Specific  Heat  or  thermal  cap 
1  lydrogen  is  sixteen  times  that  of  oxygen, 
hi  general,  the  lighter  the  molecules  of  which  a  substance  is 
numerous  must  they  be  in  a  given  mass,  and 
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the  higher  the  specific  heat  of  the  substance,  i.e.,  the  more  heat  must 
be  expended  upon  it  in  producing  a  given  rise  of  temperature. 

For  reference  and  comparison  a  standard  of  specific  heat  is 
necessary ;  the  specific  heat  of  water  is  chosen  as  the  standard. 
One  caloric,  will  raise  the  temperature  of  one  gramme  of  water 
from  0°  C.  to  1°  C. ;  the  specific  heat  of  water  is  unity.  The 
relative  specific  heat  of  any  other  substance  is,  accordingly,  the 
fractional  number  of  calories  of  heat  required  to  raise  one  gramme 
of  the  substance  from  0°  C.  to  1°  C. 

39m  lew  here  indicated — that  the  specific  heat  of  an  element 
varies  inversely  as  its  atomic  weight — is  based  on  the  assumption 
that  a  mass  of  a  heated  substance  behaves  like  a  group  of  is« 
molecules  which  have  no  action  on  one  another.  It  is  not  sur- 
prising, accordingly,  to  find,  when  heat  supplied  to  a  body  is 
spent  not  only  in  raising  the  temperature  of  a  lxxly,  but  llfiO  in 
doing  internal  and  external  work,  that  the  law  is  only  approxi- 
mately obeyed.  Still  the  approximate  obedience  is  sut1i< .-iently 
striking  to  have  caused  Dulong  and  Petit  to  enounce  it  as  a  law, 
and  as  such  it  bears  their  name.  It  has  been  utilised  as  one 
means  among  others  of  ascertaining  the  atomic  weight  of  different 
elements. 

_  1     " 

For  the  formula  ■  sp.  heat  «     we  may  substitute  sp. 


at  wt. 


heat  = 


corut. 


or  sp.   heat  x  at.  wt.  =  const.     This   constant 


at  wt. 

product,  which  bears  the  name  of  Atomic  Seat,  is  about  fl  ■■!  . 
the  metals,  phosphorus,  sulphur,  may  be  said  to  form  a  gxotip  in 
which  it  varies  from  586  to  693.  Divergences  from  (he  average 
value  are  most  marked  in  the  case  of-  solid  bodies.  In  the  case 
of  carbon,  silicon,  and  boron  at  ordinary  temperatures  the  pi 
is  small,  being  about  3*3  ;  but  at  higher  temperatures  the  specific 
heat  of  these  substances  increases  so  that  the  product  rises  to 
about  5  5. 

The  Molecular  Heat  of  a  compound  is  approximately  equal  to 
the  sum  of  the  atomic  heats  of  its  component  elements  :  this  rule 
applies  with  tolerable  accuracy  to  gaseous  compounds  formed 
without  condensation ;  solid  and  liquid  compounds,  and 
gaseous  compounds  whose  formation  from  their  elements  is 
accompanied  by  condensation,— compounds  which  in  some  sense 
approximate  to  the  liquid  state, — depart  from  it  to  a  marked 
degree. 

This  product — the  atomic  heat  of  elements,  the  molecular 
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heat  of  compounds — has  the  following  physical  meaning.  Of 
any  substance  whose  atomic  or  molecular  weight  we  know  we 
may  take  a  number  of  grammes  numerically  equal  to  the  atomic 
or  molecular  weight;  for  example,  35*5  grammes  of  chlorine,  16 
grammes  of  marsh  gas;  we  may  call  such  a  quantity  the 
gramme-atom  or  the  gramme-molecule  of  the  substance. 
The  Atomic.  Heat  or  the  Molecular  Heat  of  a  substance  is  the 
number  of  calories  of  heat  necessary  to  raise  the  temperature  of 
a  gramme-atom  or  of  a  gramme-molecule  of  the  substance  through 
1°  C.  The  atomic  heat  of  elementary  substances  is  approxi- 
mately the  same — another  form  of  Dulong  and  Petit's  law. 

The  specific  heat  of  a  substance  determines  the  temperature 
which  it  will  assume  when  a  definite  quantity  of  heat  is  supplied 
to  it  or  liberated  in  it 

Thus  when  1  gnn.  of  hydrogen  and  8  of  oxygen  are  exploded  together, 
bnt  not  allowed  to  expand  in  volume,  28,580  ca  of  heat  arc  liberated.  If 
we  could  assume  the  action  to  be  instantaneous,  we  might  assume  that  none 
of  the  heat  is  lost.  The  28,580  ca  would  then  be  divided  among  9  grammes 
of  water-vapour  whose  sp.  heat  at  constant  volume  is  0"37  ;  the  temperature 
attained  would  be  —^  -  8883'  C.  above  the  temperature  (136*5  C.) 
proper  to  a  volume  cjual  to  the  original  volume  of  the  mixture.  This  case 
is  instructive  as  showing  the  influence  of  dissociation  ;  for  when  a  tempera- 
ture of  3000"  C.  is  actually  attained,  further  combination  becomes  impossible, 
and  the  action  is  arrested,  but  not  wholly,  for  it  is  gradually  completed  part 
passu  with  the  loss  of  heat  by  conduction  or  by  radiation.  If,  however,  the 
exploding  mixture  be  allowed  to  expand,  doing  external  work,  the  tempera- 
ture of  3000"  may  never  be  attained,  and  the  action  may  suffer  no  such 
check. 

Where  a  substance  while  being  heated  is  not  allowed  to 
expand,  there  is  probably  no  internal  work  done  ;  neither  is  there 
any  external  work  done;  all  the  heat  supplied  is  applied  in 
raising  the  temperature.  The  specific  heat  in  this  case  is 
specially  known  as  the  specific  heat  at  constant  volume.  If, 
however,  the  substance  be  allowed  to  expand  while  it  is  being 
heated,  an  external  pressure  being  maintained,  both  external  and 
internal  work  are  done,  and  in  order  to  effect  a  given  increase  of 
temperature  more  heat-energy  is  required  than  in  the  former 
case.  The.  specific  heat  of  any  particular  substance  at  con- 
stant pressure  is  therefore  greater  than  that  at  constant  volume, 
and  it  is  found  iu  gases  to  exceed  it  in  the  proportion  of 
1-4058  :  1. 

The  ratio  [ =  k  \  of  the  specific  heat  at  constant  pressure  to  that 

at  constant  volume  may  be  found  in  two  ways. 
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I.  Theoretical  considerations  lead  to  the  conclusion  (see  Baynes's  Thermo- 
.'«,  p.  134)  that  if  a  gas  suddenly  exchange  its  pressure  p,  its  «'• 
I  its  absolute  temperature  f,  for  others  pti  pfl  tlt  Uie  ratio  of  its  specific 
MOta  being  k — 


k  = 


+  I  = 


P,  P,  Pt 

Whence  if  two  of  the  changes  p  to  pti  p  to  pit  t  to  ttt  can  be  found,  the  value 
of  k  may  be  calculated.  The  experimental  adiabatism  necessary  is  very 
difficult  to  ensure  ;  yet  Rontgen  has  performed  the  following  KIM 

upon  known  quantities  of  gas  and  determined  the  value  k  =  1"40&3. 

1.  Gas  in  a  reservoir  at  a  pressure  p  exceeding  the  atmospheric,  at  density 
py  and  temperature  /*  Abs. 

2.  Open  a  stopcock :  air  rushes  out  of  the  reservoir  till  the  presM 
falls  to  n,  the  atmospheric  pressure. 

3.  Immediately  close  the  stopcock.     The  air  within  the  reservoir  is  at 
pressure  II,  but  has  been  cooled  by  (king  external  work  during  i 

it  comes  to  the  same  temperature  as  ■ummncting  objects — that  i*,  again  t"  Aba. : 
it  now  htt  tin:  pressure  pt  and  the  density  />,,  which  on  be  found  at  leisure, 
.ml  the  above  formulre  applied. 

II.  Fi-in  tli,.  velocity  of  sound  in  air.  This  is  33,200  cm.  per  sec. 
i's  law  of  the  velocity  of  propagation  of  waves  is  that  r  =  y/K/p, 
The  coefficient  of  elasticity  K  is  equal  numerically  to  the  pressure  in  a  gas  if  the 
temperature  be  constant;  .:  v  =  y/pfp  =  ^II//»  if  &c  pressure  be  the  at- 
mospheric. For  air  p  =  0*012,932  griua.  per  cub.  cm.  at  0"  C.  and  76  cm. 
Kir.  pr.  at  Paris  ;  II  =  1,013,660  dynes  per  sq.  cm.     Hence,  according  to 

ftfiO 

-    -  =  27997  cm.  per  sec. ;  but  in  fact  it  is 
932 


Newton's  law,  v 


V  0012, 


found  to  lie  33.200  cm.    Tlnre  is  here  to  all  appearance  a  material 

ffewton't  l«W  ;  but  it  is  corrected  when  we  observe  that  the  assumption 
that  the  temperature  is  constant  is  unfounded  ;  that  a  travelling  wave  of  sound 
inbjl  I -ts  the  air  to  adiabotic  compresaion — idiebetk  *  because  the  heat  has  not 
time  to  become  diffused  ;  that  the  elasticity  of  air  so  compressed  is  greater 
than  that  of  air  maiutaim id  at  a  constant  temperature  ;  that  the  ratio  of  these 
two  elasticities  of  a  gas  is  otherwise  known  to  be  the  same  a-  thu  ni 
their  specific  heats  at  const  pr.  and  at  const,  vol.  ;  and  therefore  that  the 
coefficient  od  <  Ia'ticity  in  the  formula  should  have  been,  not  K  the  elft*- 
■t  const  temp.,  but  hK  Whence  v=  s/kK/p;  33,200  =  27,997  vT; 
k  =  1-40622. 

The  mean  value  of*  is  thus  1*4058. 

In  a  perfect  gas — one  whose  molecules  did  not  act  upon  one 
(mother— the  specific  heat  at  constant  volume  would  be  quite 
jndapenrlflnt  of  the  teni]>ernture  or  of  the  pressure. 

•  If  tho  heat  produced  had  time  to  become  diffused,  or  if,  as  might  be  the  ease  in 
exowwrrly  itan  vibrations  of  rare  gases,  the  gas  had  time  to  flow  round  tilt- 
vibrating  object,  w  that  it  could  not  I  rvesed  or  evolvo  heat,  the  speed  of 
propagation  would  tend  to  approximate  to  the  value  v 
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In  air  the  specific  heat  is  sensibly,  though  not  perfectly,  constant  at  all 
temperatures  between  -  30*  C.  and  +  225*  C,  and  at  pressures  from  1  to 
10  atmosphere*.     We  shall  bcc  that  this  justifies  us  in  relying  upon  the 
tions  of  the  air  thermometer. 

Iu  a  perfect  gas  the  pressure  at  constant  volume  and  the 
volume  under  constant  pressure  would  both  vary  directly  as  the 
temperature. 

The  general  law  is  pv  «  tt  or  pv  —  Et,  where  R  is  a  constant ;  this  con- 
stant is  otherwise  known  to  be  numerically  equal  to  the  difference  between 
the  two  specific  heats  of  the  particular  gas.  Therefore  pv  =  R*  =  (fa 
=  0-4058  cty  where  r  is  the  sp.  heat  at  const,  volume.  Heme  c  = jw/0"4058f  ; 
BDi]  in  this  expression  t  may  be  measured  in  arbitrary  units,  say  centigrade 
degrees  ;  then  the  value  of  c,  the  number  of  calories  required  to  heat  one 
iraine  through  one  arbitrary  unit  of  temperature,  varies  with  the  unit  so 
employed. 

In  atmospheric  air,  when  p  =  II  =  1,013,660  dynes  per  sq.  cm.,  the  volume 
of  one  gramme  is  vs  773*2833  cub.  cm.  at  0"C.  or  273" -72  Abs.  Then 
e  =  1,013660  x  773-2833  +  (0-4058  x  27372)  -  0-1719  ca  per  C.  |,<  i 
ne.     The  observed  value  of  c  is  0"1684  ca  per  C."  per  gramme. 

When  a  gas  is  compressed  it  becomes  heated — that  is,  pro- 
vided that  external  pressure  have  produced  the  compression,  and 
added  m  I  the  gas  by  doing  work  upon  it. 

When  a  gas  is  allowed  to  expand  it  beeomes  cool — that  is, 
provided  it  expand  against  external  pressure  and  sacrifice  energy 
by  doing  external  work. 

The  work  done  upon  or  by  the  gas  appears  or  is  lost  as 
heat  The  rise  of  temperature  may  be  calculated,  on  the 
express  assumption  that  there  is  no  internal  work  done- — an 
assumption  approximately  but  not  perfectly  true  (Joule) — by 
dividing  the  whole  work  done  on  the  gas  (measured  in  terms 
'  alories  of  heat)  by  the  mass  and  by  the  specific  heat  of 
the  gas. 

Saturated  vapour  behaves  in  this  regard  in  a  peculiar  manner.  If  work  be 
i  ■  upon  saturated  steam  at  any  temperature  below  7890-8  Abs.  (516°'8  I  ,), 
the  heat  evolved  causes  the  vapour  to  become  a  superheated  vapour,  , 
beat  must  be  parted  with  in  order  to  allow  flu  4mta  t<»  remain  saturated. 
Conversely,  ii  sitnrut.il  BtottB  Wdow  516°'8  C.  be  allowed  k'  Wf— t^  doing 
external  work  while  no  heat  is  supplied  to  it,  it  loses  energy,  loses  latent 
beat,  and  is  partly  condensed  ;  and  it  does  not  fall  in  temperature  as  much 
as  it  would  do  if  it  were  a  perfect  gas,  expanding  to  the  same  extent,  for 
the  liquefaction  of  the  fttpoux  lil>erat«s  heat  Thus  an  expanding  saturated 
vapour,  such  as  steam,  liberates  more  energy  and  can  CM  BOM  work  than  an 
expanding  gas.  Above  516**8  C  a  sudden  adiabatic  expansion  of 
steam  would,  on  the  other  hand,  produce  ti  iporation  of  vital  in  contact 
It ;  and  compression  would  produce  condensation. 
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The  above  facta  are  comprised  in  the  equation — S  being  the  specific  heat  of  satu- 
rated steam,  I  the  alw.  temjn.Ta.ture — 

(Y.  «,.****      33,280.000,000  \         1  ) 

8  =  ]  (42,136,000 )41t6Wt0l0  J  <*  P°r  a™""- 

Below  "89 '8*  Aha.  S  is  negative  ;  above  that  temperature  it  is  positive. 

The  vapour  of  bisulphide  of  carbon  acta  at  ordinary  temperatures  like  that 

of  water  below  5  ]  u"-8  OL  j  that  of  ether,  on  the  other  hand,  is  rendered  cloudy 

by  QPin^ll WHJriU  even  at  ordinary  temperatures 

The  specific  heat  of  substances  is  not  perfectly  constant  at 
all  u-mperatures  :  whence  the  necessity  of  the  qualification  "from 
0°  to  1°  C."  This  want  of  constancy  is,  among  gases,  most  re- 
markable in  those  which  are  most  condensible ;  but  among  solids 
and  liquids  the  variations  of  specific  heat  are  still  more  remark- 
able, and  indicate  differences  in  the  amount  of  internal  work 
associated  with  changes  of  temperature  at  different  temperatures, 
this  internal  work  being  done  in  effecting  changes  in  the  density, 
tin-  ii;L(-naoh:iular  stresses,  the  allotropic  form,  and  so  on. 

The  specific  heat  of  a  body  may  be  expressed  by  the  fraction — 
Increment  of  heat  supplied  [measured  in  osioriee)to  unit-mass 
Increment  of  temperature  produced 
where  both  the  increments  arc  very  small :  if  an  amount  of  heat  5H  pro- 
duce a  change  of  temperature  St,  the  specific  heat  is  6H/S* ;  and  thiB  is  one 
of  the  Thermal  capacities  of  a  body,  of  which  six  may  be  distinguished. 

1.  Specific  thermal  capacity  per  unit-increase  of  temperature  at  constant 
pressure ;  the  amount  of  heat  required  to  raise  the  temperature  of  unit- 
mass  by  1°  C,  the  pressure  being  constant.  This  is  called  the  S  peri  tic 
Heat  at  constant  pressure,  K. 

2.  Specific  thermal  capacity  per  unit-increase  of  pressure  effected,  the  tem- 
perature being  constant     This  has  no  special  name. 

3.  S| ■■■■  rmal  capacity  per  unit-increase  of  pressure  effected  by  heat, 
at  constant  volume.     This  has  no  other  name. 

4.  Specific  thermal  capacity  per  unit-increase  of  volume,  the  pressure  being 
constant. 

/  5.  Specific  thermal  capacity  per  unit-increase  of  tnnj-r.Uurv  at  constant 

vulume  (the  Specific  Heat  at  constant  volume,  k). 
\  6.  Specific  thermal  capacity  per  unit-increase  of  volume,  the  temperature 
V  ■!  constant.    This  is  called  the  Latent  Heat  of  Expansion,  Z. 

Under  No.  5,  heat  ■  k  units  supplied  to  unit-mass,  produces  a  unit-increase 
of  temperature  ;   a  rise  of  temperature  f  is  pgi  f  heat  —  ki  units. 

I  "ii.ler  No.  6,  in  the  same  way,  heat  -  lv  produces  on  increase  of  volume  ». 
Wfc  commit  M  sensible  error  if  we  suppose  that  when  the  temperature  and 
volume  both  vary,  the  amount  of  heat  which  must  be  supplied  to  a  unit- uinm 
uf  substance  is  found  by  simple  addition,  and  is  equal  to  la +1*. 

Internal  Work. — If  any  substance  were  a  perfect  gas,  1 
imparted  to  it  would  to  no  extent  l>e  spent  in  doing  internal  work 
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against  intermolecular  forces.     There  is,  however,  no  such  perfect 
gas,  as  we  shall  now  show. 

If  our  physical  gases  were  perfect  gases  we  would  find — 

1.  That  the  amount  of  heat  evolved  on  compressing  a  gas 
would  be  exactly  equal  (when  measured  in  ergs)  to  the  work  done 
in  compressing  the  gas. 

If  the  original  pressure  and  volume  be  p.,  va,  and  the  new  volume  be  v,  the 
work  done  is  pavm  log  (v Jv J  :  a  conclusion  deduced  from  the  two  equations — 

(1)  work  done  =  /pdv;  and  (2)  pvm=j>tvt  (Boyle's  law). 

2.  That  when  a  gas  expands  doing  external  work,  the  gas  loses 
energy ;  and  that  a  perfect  gas  would  in  this  way  lose  heat  exactly 
equal  in  amount  to  the  external  work  done,  and  would  accordingly 
sink  in  temperature. 

A  vessel,  A,  of  compressed  air  (Fig.  125)  is  provided  with  an  exit  tube 


Flg.125. 


furnished  with  a  stopcock :  the  extremity  of  the  exit  tube  dips  under  water 
in  a  bell  jar  B.    The  stopcock  is  opened  ;  air  flows  out ;  it  replaces  the  water 
in  the  bell  jar :  in  so  doing  it  forces  water  down  against  the 
atmospheric  pressure  :  it  thus  does  work  ;  the  air  remaining  in       **.U6. 
A  becomes  cold  (Joule). 

A  similar  vessel  of  compressed  air  (Fig.  126);  the  extremity 
of  the  exit  tube  communicates  with  the  open  air.  The  stop- 
cock is  opened  ;  air  flows  out ;  it  thrusts  aside  the  air  imme- 
diately surrounding  the  orifice  ;  the  air  within  A  thus  does 
work  against  the  atmospheric  pressure :  the  air  remaining  in  A 
becomes  cold. 

3.  That  if  a  stream  of  a  perfect  gas  were  checked, 
the  whole  kinetic  energy  lost  by  the  gas  would  appear 
as  heat  in  it 

The  heating  effect  of  checking  a  stream  of  gas  may  be  readily  shown 
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(Vcrdet)  by  pinching  a  rapidly- issuing  jet  of  air  between  the  finger  anil 
thumb,  or  by  partly  blinking  it  with  the  finger-tip. 

In  the  same  way  a  jet  of  high-pressure  steam  when  liberated  into  the  free 
air  suddenly  expands  and  partly  condenses  into  scalding  droplets  ;  then  a 
littb-  way  farther  on,  by  reason  of  friction  against  the  air  and  of  iutermolec- 
ular  friction,  it  is  deprived  of  its  momentum,  and  is  heated  so  far  as  to  become 
superheated  or  gaseous  steam  ;  still  farther  on  it  again  becomes  opaque. 

If  the  rami)  A  of  Figs.  126  and  126  be  connected  with  another  in 
which  a  vacuum  has  been  produced,  the  air  in  A  loses  energy  and  is  cooled. 
The  part  of  the  gas  which  first  arrives  in  B  is  heated  by  compression  exer- 
cised by  the  port  which  arrives  afterwards  ;  the  latter  is  also  heated  by  having 
its  motion  -lni  kc<|  ;  the  temperature  in  B  thus  Wi-onics  higher  than  the 
original  iBWJNnlOXl. 

4.  That  expansion  of  a  perfect  gas  would  not,  if  no  external 
work  were  done,  affect  its  temperature :  for  no  internal  and  no 
external  work  being  done,  the  amount  of  kinetic  energy  possessed 
by  the  gas  would  remain  unaltered,  and  the  temperature  would 
be  unchanged  There  is  no  gas  whose  temperature  remains 
unaffected  undei  radh  drounutanGeBj  therefore  there  is  no 
perfect  gas. 

The  apparatus  of  Pig,  127  being  immersed  in  a  large  vessel  of  water,  the 
stopcock  is  opened  ;  the  sir  in  A  is  cooled,  that  in  B  b  wanned  ;  the  ai 

of  heat-energy  gained  by 
B  Is  equal  to  that  lost  by 
A  :    the   water  surrouml- 


i ii ^r  A  and  B  (which  must 
irl)  is  not  ou  the 
whole  perceptibly  cooled 
01  wanned.  This  experi- 
ment, made  by  Joule,  was 
believed  to  show  that  air 
di«l  behave  approximately 
as  a  perfect  gas  ;  for  the 
temperature  of  the  water, 
and  therefore  the  average 


Flr.127. 


Compraiied 
A.r.A. 


B. 


temperature  of  the  whole  gas  in  A  and  B,  remains  unchanged  after  opening 
the  stopcock. 

The  obji  his  experiment  is,  that  a  rise  or  fall  of  temperature  in 

the  gas,  even  though  by  no  means  insignificant,  would  under  such  circum- 
stances be  imperceptible.     The  mass  of  water  surrounding  the  vessels  A  and 
B  cannot  be  made  much  less  than  about  7  kilogrammes  :  the  specif; 
Of  water  is  high,  that  of  air  is  low  ;  and,  besides,  it  is  desirable  that  the 

experiment  be  continuous,  and  that 

■■Ifects,  if  there  be  any,  !  I 
imitated, 
c  Hence  a  new  form  of  the  experi- 

ment was  devised  by  Joule  and 
Thomson.  A  tube  obstructed  by  a 
diaphragm  with  a  narrow  orifice  takes  the  place  of  the  vessels  A  aril  B. 
Air   is  forced  from  A,   Fig.   128,  towards  B.      The  pressure   within  A  is 
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greater  than  that  within  B  ;  the  ga>  which  passes  into  B  ultimately  becomes 
simply  the  same  gas  with  a  larger  volume  :  it  cannot  become  cooler  by 
reason  merely  of  its  thrusting  the  exterior  air  at  C  out  of  the  tnl>e,  for 
it  simply  acts  as  ft  buffer  bttweOQ  the  air  in  A  and  tin-  ext.-iior  air  . 
and  the  SXtttta  work  whifh  it  does  is  equal  to  that  done  QpOO  it. 
tli.-  air  wan  I  i'.f  I-  t  gM,  tin-  temperature  at  B  would  bo  the  nam.-  ||  thai 
at  A.  It  is  fotmd  in  .-ueh  apparatus  to  vary  from  spot  to  spot  on  account 
of  eddies  ,  tihflM  must  be  got  rid  of.  This  is  done  by  substituting  for  the 
diaphragm  with  the  single  owning  a  porous  pint;  of  graphite  or  flf  cotton 
wool.  It  il  tli.n  t .  ■  1 1.  r  i .  1  that  air  b  not  a  perfect  gas;  the  temperature 
in  H  is  a  little  lower  than  that  in  A.  Energy  has  been  consumed  in  doing 
internal  work — probably  in  separating  the  particles  of  the  gas — to  the 

•  t,  wii.n  the  pressures  in  A  and  B  l>«>th  ditT-r  little  from  the  atmosph 
pressure,  of  about  Tlj  of  the  whole  work  spent  Upon  'he  gas  in  forcing  it 
through  the  ping.    The  proportion  of  the  total  energy  ppent  in  doing  internul 

k  varies  from  substance  to  substance,  and  from  condition  to  condition. 
In  carU>nio  dioxide,  at  a  preasure  varying  little  either  in  A  or  B  from  the 
atruoaph  DB,  it   imoonfa  to  about-1-.;  in  air  at  a  pressure  in  A  of 

19  atmospheres,  it  amounts  to  as  much  as  fa  of  the  win de. 

In  the  case  of  hydrogen,  curiously,  there  i;«  B  flight  ftmWflMi  of  tempera- 
ture :  the  expanded  gas  has  more  kinetic  energy  than  the  unexpanded  gas : 
energy  is  liberated  when  hydrogen  expands  ;  its  particles  seem  to  repel  one 
another. 

At  equal  temperatures,  therefore,  compressed  air  contains  less  intrinsic 
intermolecnlai'  potential  energy  than  an  equal  mass  of  rarer  air  ;  compressed 
hydrogen  the  reverse. 

In  gases  the  amount  of  heat  which  disappears  during  expan- 
sion in  doing  internal  work  is  generally  small  in  proportion  tn 
the  external  work  done  against  the  atmospheric  pressure :  in  solids 
and  liquids  the  internul  work  clone  ia  relatively  much  greater. 

When  a  substance  is  heated  and  rises  in  temperature  without 
being  allowed  to  expand,  so  much  heat  is  absorbed  during  a  gh 
rise  of  temperature  ;  when  expansion  is  permitted,  an  additional 
supply  of  heat  is  required     Tin;  Latent  Heat  of  Expansion  est 
a  substance  may  thus  be  found  by  difference. 

\\~hen  temperature  varies,  the  volume  being  constant,  the  heat,  Hf  supplied 
to  a  unit- mass  is  equal   to  ki ;    when   the    pressure  is  kept  constant 
expansion  is  allowed,  (he  h*-at   lOBpUtd,   H  ,  i-    i''|iial  to  kt+lv;    whence 
l«(H      B    \      II  i      I       p  instant  pressure,  whence 

i-<K-#/*. 

B  latent  heat  of  expansion  of  gases  is  tolerably  easy  to  I  b 
for  it  is  possible  to  heat  a  gas  without  permitting  it  to  expand  . 
but  the  estimation  of  that  of  solids  and  of  liquids  passes  beyond 
the  bounds  of  our  experimental  powers.  To  ascertain  that  of 
water  between  0°  C.  ami  100°  C,  for  instance,  it  would  l>e  rmces- 
aary  pare  the  amounts  of  heat  required  to  heat  a  certain 
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mass  of  water  from  0°  to  100°  C.  when  it  is  free  to  expand  and 
when  it  is  prevented  from  expanding :  but  the  latter  investigation 
would  require  the  application  of  a  pressure  of  8772  atmospheres. 

In  the  same  way  wrought-iron  heated  through   15 J"  Fnhr.  exercises  a 
pressure  of  1  ton  per  square  inch. 

The  latent  heat  of  expansion  of  a  substance  is,  as  a  numerical 
coefficient,  the  number  of  units  (calories)  of  heat  required  to  effect 
unit-expansion  in  a  gramme  of  that  substance — that  is,  to  double 
its  volume — and  which  disappears  in  doing  that  work. 

The  work  of  expansion  is  always  associated  with  that  of 
raising  the  temperature ;  only  in  idea  can  we  form  an  abstract 
conception  of  the  amount  of  heat  required  to  effect  a  certain  ex- 

ii-n  while  the  temperature  is  supposed  to  remain  unchanged. 
Temperature  and  volume  vary  simultaneously,  and  the  physical 
constant  known  as  tin*  coefficient  of  expansion  states  numerically 
the  relation  between  these  associated  effects  of  heat. 

A  substance  whose  volume  is  vt  at  a  temperature  t%  assumes  a  volume 
r    at   the   temperature   tt;  the   change   of  temperature   is  tt  -l#;  the  pro- 
portionate change  of  volume  is  (vt  -  vjjvt;  the  quotient  (vt  - «.)/«.  (*, 
is  the  coefficient  of  expansion.     If  tt  -  tm  —  1*,  the  coefficient  of  expansion  is 

The  coefficient  of  expansion  of  any  substance  is  the  ratio 
between  the  increase  of  volume  which  it  undergoes  when  its  tem- 
perature is  raised  by  1°  C.  and  its  original  volume. 

If  a  cube  of  volume  vo  assume  volume  vt,  its  side  f/vm  becomes  ^/»~ ;  its 

i/—  _   ir 
coefficicnt  of  linear  expansion  is  therefore    — t- %  or  approximately 

$(*,  —  t>J/v0      Thus,  if  a  body  measuring  a  cubic  foot  on  beSog  heated   1 
assume  a  volume  of  10003  cub.  ft,  the  side  of  the  cube  (1  foot)  has  become 
nearly  10001  linear  foot. 

Since  v.<  In.,  in  general  to  deal  with  expansions  proportion- 
ately very  small,  we  may  say  that  the  coefficient  of  linear  ex- 
pansion— the  proportionate  increase  in  length,  breadth,  or  thick- 
ness per  degree  centigrade — is  equal  to  one-third  the  coefficient 
of  cubical  expansion. 

If  I  be  the  coefficient  of  linear  expansion  of  a  body  whose  length  at 
I  is  L%,  the  length  of  the  body  at  the  temperature  tt  is  Lj  **  L.  +  LJ 
(fj  -  y  or  L#  (i+J  (*,  - 1.) ).  In  this  equation  there  are  fire  terms,  any  four  of 
which  being  known,  the  fifth  can  be  found. 

In  some  cases — many  crystalline  bodies — the  coefficients  of 
linear  dilatation  are  not  equal  in  all  directions.     Crystals  have 
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three  axes,  in  the  directions  of  which  the  coefficients  of  expansion 
(/,,  l0,  lem)  are  not  always  equal  to  one  another ;  thus  the  angles 
of  crystals  are  often  modified  by  changes  of  temperature.  Sub- 
stances belonging  to  the  regular  system  have  the  coefficients  equal 
in  the  three  axial  directions,  and  they  preserve  similarity  of  figure 
when  heated ;  dimetric  crystals  have  two  axial  coefficients  equal, 
the  third   different:   trimelric  crystals  have  all   three  nts 

unequal.      In  general  the  cubical  coefficient  —  /  +  /^  +  /  . 

Tnkc  plates  of  gypsum,  cut  parallel  to  the  prismatic  axis:  MBMnt  ! 
together  so  that  tit  D  of  the  axis  of  fine   plute  forms  a  right  an 

with  that  «>t  the  OthttP,      BtAt  till  the  cement  is  in.-lt  loeOoL     Tho 

jual  contraction  in  eooling  will  warp  the  whole  (Fresnel).  In  the  cose 
•  <f  this  substance  a  contraction  in  one  direction  is  associate  I  with  expansion 
in  two  others. 

Iudiarubber  and  iodide  of  lead,  iodide  of  lead  nod  silver 
(Pb  I,.  Ag  I),  iodide  of  silver  up  to  15  6°' 5  C,  and  garnets,  as  well 
as  water  between  0°  and  3°'9  C,  contract  when  heated:  their 
coefficient  is  negative.  In  some  substances  (zinc  and  iron)  the 
coefficient  of  expansion  slowly  alters  with  lapse  of  time. 

When  l  li'illow  body  such  as  a  flask  or  thermometer-bulb  is 
heated,  it  expands  almost  exactly  as  if  it  were  solid :  a  glass  tube 
expands  as  if  it  were  a  glass  rod.  It  follows  that  when  a 
hollow  body  is  heated,  its  internal  cavity  increases  in  volume 
in  the  same  proportion  as  it  would  have  done  if  it  had  been 
occupied  by  a  solid  the  same  as  that  which  surrounds  it. 

Examples  of  Expansion  by  Heat. — Bodies  which,  when  i 
exactly  till   certain  ,  will   not  enter  I  SD  they  are 

warmed.  Railway  rails  are  not  laid  in  exact  contact;  allowance 
must  be  made  for  their  summer  expansion  and  winter  contraction. 
In  designing  la  den  for  bridges,  the  same  necessity  must 

be  taken  into  account  Kail  way-distance  signals'  RTS  controlled 
by  rods,  which  differ  considerably  in  length  at  night  and  by  day; 

.  ision  must  be  made   for  tightening   them  up,  or  the  reverse. 
If  the  neck  of  a  stoppered  bottle  clasp  the  stopper  too  tightly, 
it  may  be  loosened  by  causing  the  neck   to  expand  whih- 
stopper  does  not  do  so ;  tliis  may  be  effected  by  winding  a  string 

nd  the  neck  and  polling  it  backwards  and  forwards  so  as  to 
produce  heat  by  friction ;  the  neck  is  heated  before  the  stopper 
itself  is  affected.  Glass  suddenly  heated  expands  superficially 
while  the  inside  is  still  cool:  under  the  stress  set  up  the  glass 
may  break ;  hence  the  thinner  a  liask  the  leas  risk  there  is  of  its 
cracking  when  it  is  heated.      A  cart-wheel  tire  is  fitted  on  when 
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it  is  hot ;  when  it  cools  down  it,  contracts  and  holds  the  rim, 
spokes,  and  hub  firmly  together:  if  it  be  originally  too  small  it 
may  break  itself  by  its  own  contractile  tension.  The  lead  on  a 
roof  expands  by  day  and  contracts  at  night;  gravity  aids  the  one 
and  checks  the  other  tendency  ;  tin*  lead  creeps  down.  The  same 
theory  lias  been  applied  to  glacier  movement. 

Applications  of  Expansion. — The  Compensation -pendulum 
is  B  l  uii  constant  in  length,  whatever  be  the  temperature. 

A  simple  bar  of  metal  would,  by  its  variations  in  length,  produce 
illations  irregularly  unequal,  the  clock  going  slow  in  summer, 
fast  in  winter.  In  order  to  correct  this,  the  bob  of  the  pendulum 
is  suspended  from  a  framework  of  bars  of  iron  and  brass  so  arrair 
that  expansion  of  the  bars  of  iron  tends  to  depress  the  bob:  that 
of  the  bars  of  brass  tends  to  raise  it;  by  proper  adjustment  these 
effects  compensate  one  anothn 

The  bob  itself  is  sometimes  made  of  a  tube  containing  QJU 
silver :   the   expansion  of  the  suspending  bar  tends  to  lower  the 
centre  of  gravity  of  the  pendulum :  that  of  the  mercury  tends  to 
raise  it ;  a  proper  adjustment  of  the  quantity  of  mercury  in  the 
bob  produces  sensibly  accurate  compensation. 

Sometimes  the  rod  of  a  pendulum  bears  a  transverse  bar, 
which  is  loaded  at  each  end  with  heavy  masses.  This  tnn 
I mr  consists  of  strips  of  different  metals  ;  in  weather  warmer  than 
the  average  the  lower  strips  expand  most,  distort  the  bar,  raise 
the  heavy  masses,  and  thus  raise  the  centre  of  gravity  of  the 
whole  pendulum  :  in  colder  weather  the  reverse  effect  is  obtained, 
for  the  lower  strips  contract  most 

Measurement  of  Coefficients  of  Expansion. — In  solids  the 
coefficient  of  linear  expansion  is  found  by  direct  observation.  A 
bar  is  heated  to  a  known  temperature ;  its  original  length  and 
temperature  are  known.  The  elongation  of  the  bar  may  be  mea- 
sured by  a  traversing  bar  with  micrometer,  or  by  the  met 
Kig.  5,  or  by  the  expansion  of  the  bar  in  a  tube  pushing  - 
a  piece  of  porcelain,  which  can  move  outwards  but  cannot  return. 
The   first-mentioned   method  is  by  far  the  least  liable  bo 

!y  when  the  di.stann-  lift  ween  two  distinctive  points  on  the 
bar  is  observed  at  two  given  temperatures. 


1 
t-t. 


is  the  coefficient  ..t  linear  dilatation. 


Tlit  coetlii ami  of  cubical  expansion  may  be  found  by  multi- 
plying the  coefficient  of  linear  expansion  by  3 ;  or,  better,  by 
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finding  the  different  specific  densities  of  the  solid  at  different 
temperatures. 

mass  (  =  weight  fg)  remaining  the  same,  p  and  pt  being  the  densities, 
the  volumes  vo  ( «=  mjp)  and  r  ( =  m'p)  are  easily  found ;  and  (tt  -  t)  being  the 

difference  of  temperatures,  (- »    -  - — — ),  the  coefficient  of  cubical 

pulsion,  can  be  computed. 

If  a  solid  be  heated  in  a  flask  with  a  narrow  orifice,  com- 
pletely filled  with  mercury,  the  mercury  expands,  the  flask 
expands,  and  so  does  the  solid  immersed  in  it.  The  absolute 
expansion  of  the  mercury  is  previously  known,  that  of  the  glass 
vessel  must  be  known,  and  the  amount  of  mercury  which  would 
fall  out  of  the  flask  if  the  flask  were  completely  filled  with  mer- 
cury and  heated  to  the  same  degree  is  already  known ;  when  the 
solid  is  immersed  in  the  a  different  quantity  of  mercury 

escapes  from  the  flask  when  heated;  the  difference  is  due  to  tin. 

•rence  of  dilatation  between  mercury  and  the  immersed  solid: 

coefficient  of  expansion  of  the  immersed  solid  can  thus  be 
calculated. 

In  liquids  the  expansion  may  be  found  by  observation  of 
the  apparent  increase  of  bulk  undergone  by  a  liquid  contained  in 
a  flask.  Tin  width  of  the  neck  may  be  ascertained  by  the  addi- 
tion of  known  weights  of  mercury :  an  apparent  rise  of  the  liquid 
in  the  neck  may  be  interpreted  as  corresponding  to  so  many  cubic 
cm.  apparent  increase  of  bulk.  But  it  is  important  to  bear  in 
mind  that  the  cavity  of  the  flask  also  expands,  and  that  the  real 
expansion  of  the  liquid  is  the  sum  of  the  expansion  of  the  cay  it  y 

iie  flask;  and  the  apparent  expansion  of  the  liquid  in  the  neck. 
If  the  liquid  have  the  same  cubical  coefficient  as  the  glass,  there 
would  be  neither  a  rise  nor  a  fall  in  the  neck ;  if  it  have  a  less 
ate  of  expansion  than  glass  it  will  sink  in  the  neck,  and  will 
then  apparently  contract;  only  when  it  has  a  greater  coefficient 
expansion  than  the  glass  will  it  rise  in  the  neck,  and  thus 
under  such  circumstances  manifestly  appear  to  expand 

When  a  thin  glass-flask  filled  with  wafer  is  suddenly  heated  it  expands 
before  the  wafer  contained  in  it  has  had  time  to  become  heated,  and  t  Il- 
liquid In  the  first  place  appears  to  shrink  into  the  fla*k.  Then  the  liquid 
becomes  heated  and  rises  in  the  neck  of  the  flask. 

The  expansion  of  a  liquid  may  also  be  found  by  observing  its 

density  at  different  temperatures.     This  may  be  done  by  means 

•parate  observations.     It  may  also  be  done  by  the  observa- 
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total   bulk  at  0°  C. 


tion  of  the  simultaneous  heights  of  a  hotter  and  a  colder  column  of 
the  same  liquid,  which  balance  one  another  in  a  U-tube.     The 
heights  are  reciprocally  proportional  to  the  densities,  and  thus 
Fif.m.  k  is  easy  to  find  the  coefficient  of  expansion 

per  degree  centigrade.  Fig.  129  shows  that 
each  limb  of  the  U-tube  is  maintained  at 
a  constant  temperature  by  surrounding 
(of  water,  mercury,  oil,  etc.)  whose 
temperatures  are  known.  The  heights  of 
the  columns  may  be  measured  by  means 
of  a  cathetometer.  The  absolute  expansion 
of  mercury  is  by  this  method  found  to  be, 
per  degree  centigrade  (between  — 36°  C. 
and  100°  C),  almost  exactly  xz\fs  °f  i*-8 
above  100°  C.  it  increases  rapidly  with  the 
temperature.  The  total  amount  of  expansion  is  thus  not  quite 
proportional  to  the  rise  of  temperature. 

In  gases  the  coefficient  of  expansion  is  nearly  uniform,  about 
tj^j  for  every  degree  centigrade.  Not  quite  uniform  ;  lor  all 
gases  are  not  necessarily  in  the  same  physical  condition  merely 
because  they  are  at  the  same  temperature,  for  some  may  be 
near,  others  far  from,  their  point  of  condensation ;  and  the 
volume  of  gases  is  not  exactly  proportioned  to  their  absolute 
temperature. 

The  coefficient  of  expansion  in  gases  may  be  determined  by 
direct  observation,  the  volume  being  allowed  to  vary,  while 
the  pressure  is  maintained  constant  during  a  given  change  of 
temperature;  or  inferentially  by  observation  of  the  increase 
in  pressure  exercised  by  a  gas  when  its  volume  is  kept  constant 
•  luring  a  given  change  of  temperature,  coupled  with  the  assump- 
tion that  Boyle's  law  is  perfectly  obeyed,  and  thai  the  volume 
and  the  pressure  bear  an  exact  inverse  ratio  to  one  another. 
The  latter  method,  as  we  shall  see,  is  more  valuable  in  ther- 
mometry than  ia  the  determination  of  the  actual  coefficient  of 
expansion  of  a  gas. 

If  we  assume  Boyle's  law  and  Charles's  law  to  be  both  true,  we  have  the 
equation    —  =  const.      If   the    same    quantity   of  gas   change  in   pressure, 

vulume,  or  temperature,  again  '•  '- =  const.     Hence  —«''-.     This  enables 

us  to  solve,  to  a  first  approximation,  Ruch  problems  as  the  following  : — 

Fifteen  litres  of  air  at  0*  C.  and  761  ram.  bar.  pr.  arc  heated  to  10*  0. 
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while   the   barometer  sinks    to    759    mm. :    what   volume   does  the    air 

assume? 

pv  _  p,v,     761  x  15        759  x  v, 
_  _         .       ^_        m  __      , 


„,  /761       283       ,  V 

Whence  •,  =  [^  x  —  x  15J;htreR 


Again,  15  litres  of  air  at  0°  C.  (273°  Aba.)  and  762  mm.  Hg.  pressure  are, 
when  they  are  heated  to  an  unknown  temperature  and  exposed  to  a  pressure 
of  1000  mm.  Hg.,  doubled  in  volume  :  what  is  the  unknown  temperature  ? 

pv      pv,     762  x  15       1000  x  30 

7  =  ~^";—273  tt  ; 

1000    30 
t,  =  -7-02    ^  •  273  =  716°-5  Abs.  =  443°*5  C. 

We  may  combine  with  these  equations  the  two  following  propositions : — 

1.  The  specific  density  of  a  gas  is  numerically  equal  to  half  its  molecular 
weight 

2.  One  gramme  of  hydrogen  measures  1 1*1646  litres  at  0°  C.  and  760 
mm.  bar.  pr. 

Problem. 

Fourteen  litres  of  carbonic  acid  are  measured  at  10°  C.  and  759  mm. 
pressure  :  what  is  their  mass  ? 

First  reduce  the  14  litres  to  the  volume  which  they  would  occupy  at 
0"  C.  and  760  mm.  bar.  pr. — ie., 


/  273     759\ 

V14X283X7607 


x  -.-7TT7 )  litres. 

44 


Each  litre  of  carbonic  acid  at  0°  C.  and  760  mm.  weighs x 

grammes.     The  whole  weighs  11 '1646        2 

/  273       759  1  44\ 

\14  X  2"83  X  760  X  IT164oXT;  S™*™*- 


Problem. 

What  bulk  is  occupied  by  20  grammes  of  ammonia  gas  at  1 5*  C.  and 
740  mm.  bar.  pr.  ? 

One  gramme  of  hydrogen  occupies  at  0°  C.  and  760  mm.  a  bulk  of 
11*1646  litres;  at  15°  C.  and  740  mm.  it  would  have  a  volume  of 
(11*1646  x  f$|  x  ||g)  litres;  but  ammonia  gas  has  a  sp.  density 
—  y  ;  hence  20  grammes  of  ammonia  occupy  a  bulk 

/  2  288       760N  .. 

(*>  x-x  11*1646  x  —  x  m)  litres. 

It  may  be  left  as  an  exercise  to  the  student  to  find  what  corrections 
should  be  applied  to  reduce  the  apparent  weight  of  a  substance  weighed  in 
stir  at  a  given  temperature  to  the  real  weight  at  a  standard  temperature,  say 
O*  C,  the  coefficients  of  expansion  of  air,  of  the  counterpoising  weights,  and 
of  the  substance  weighed,  being  supposed  to  be  known. 
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Fusion. — Heat    Bonietimes    operates    liquefaction    of    Mild 

bodies.      The    temperatures    at    which    fusion    is   effected    ditler 

v  :   the  fusing  point  of  solid  alcohol  (  —  130°'5  C),  that  of 

uy  (  —  40°  (J.),  and  that  of  platinum  (about  1775°  C.) 

wliich  can  ouly  be   fused  by  the  nxyhydrogen   blowpipe   or   the 

electric  arc,  may  be  taken  as  examples. 

In  general  there  is  expansion  during  fusion  ;  in  such  61 
there  may  be  a  small  amount  of  work  clone  against  external 
pressure.  If  the  extern:il  pressure  be  increased  the  amount  of 
heat-energy  that  must  be  supplied  in  order  to  effect  this  external 
work  in  addition  to  the  internal  work  of  fusion  is  proportionately 
increased.  The  temperature  of  fusion  is  thus  in  most  cases 
raised  by  increase  of  pressure.  In  the  cases  of  water,  antimnny, 
cast-iron,  and  many  rocks,  the  freezing  point  is  lowered  by 
pressure,  because  these  substances  expand  when  they  fi 
Tables  of  melting  points  therefore  denote  the  melting  points  of 
substances  at  the  atmospheric  pressure. 

We  nifty  lien-  state  the  reasoning  by  whi<  fa   it  lidfcd*  that  an 

increase  of  pressure  wmiM  l>e  found  to  lower  the  melting  point  of  foe  ;  though 
Moine  df  ilic  steps  will  not  Ik;  understood   until  after  we  hnve  OODflBi 
Carnot's  cycle  of  operation*  and  his  "perfect  engine." 

A  cylinder  with  a  square  base,  1  cm.  square,  contains  one  gramme  of 
water — i.e.,  1  DuHfl  cm.  S  is  a  tource  of  heat  at  0°  C.  (which  must  be  situated 
within  a  sufficient  space  entirely  devoid  of  air)  ; 
R  is  a  refrigerator  situated  within  a  region  where 
the  atmospheric  or  other  pressure  is  equal  to  y 
dynes  per  sq.  cm.,  and  maintained  at  a  constant 
temperature  -  t°  C,  very  slightly  below  o    « '. 

1.  The  cylinder  is  kept  upon  the  -Hjurce  S 
until  the  water  assumes  toe  temperature  0*  C. 

We  bow  have  i  oob,  em.  water  at  o  i\ 

2.  Put  tin:  cylinder  on  the  refrigerator  R  ; 
keep  it  there  until  the  water  is  wholly  frozen  U> 
ice  at  0"  ('.     \\  I    now  have  1-0908  enl-. 
at  0°  C.  (the  sp.  density  of  ice  being   91G74. 
Bunsen). 

Work  has  been  done  during  expeniion  ;  the  piston  lias  been  thru*t  uj»- 
ward»  through  '0908  cm.  against  an  external  pressure  p  dynes  per  sq.  Cfl 
the  work  done  by  the  expanding  substance  is  0*0908  p  ergs. 

Put  :  li-r  egala    On    the  source:    the   temperature  of  the  s>u: 

mi]ijhjs.m|  in  infinitely  small  enoont  higher  than  that  of  the  ice.     In 

It-  ;  n  »w  ere  egein  have  1  cub.  cm.  of  water  at  0 

k  has  been  done  upon  the  melting  ice  by  any  exterior  pnwureV 

The  melting  ice  has  had  beat  imparted  to  it  eqnal  to  the  latent   heat  of 

Ion  of  1   cubic  cm.  of  water — that  is,  80025  ca  =  3,:  ry. 

Prof.  James  Thomson ;  experimentally  eounrraett  by  his  broth'  I 
William  Thomson. 


Pig  m 


L 


FUSION. 


355 


This  amount  of  heat  has  been  absorbed  from  the  source  at  0°  OL  ;  heat  hiu? 

been  lost  to  the  refrigerator  at  -  t°  C.     The  piston  returna  to  its  normal 

n,  as  we  have  seen,  and  the  whole  contrivance,  perfectly  imaginary, 

will  act  a*  ■  "  perfect  « mgUM, "  with   i.v  01   water  as  its  working  substance. 

[dad  tint  r  baa  ■  certain  value  to  1«  deduced  fruin  tin-  equation — 

rk  done         difference  of  temp,  between  source  and  refrigerator         t 
Heat  absorbed  absoL  temperature  of  source  ~~  273" 

0-0908  /.  _t 

3,328,480,625  ~  273 
=  273  x  00908 
3,328,480,625^' 

When  the  external  pressure  p  changes  by  II  =  1,01 3,663  dynes  per  sq.  cm. 
—  that  i-,  uh*.n  it  changes  by  an  amount  equal  to  one  atmosphere — r  efa 
•  74    C.     This  means  that  such  an  engine  is  reversible,  and  its  spa 
i.<  theoretically  perfect  when  the  freezing  operation  is  conducted  at  a  temper- 
lower  than  0*  C.  by  an  amount  equal  to  -0074"  C.  for  every  additional 
atmosphere-pressure  suffered  by  th.    freeang  water.      If  tin    freezing  could 

rata  higher  tamperataifl  than  thi-.  than  would  be  production  of  work 
by  the  expanding  lot  ooooogpniad  l>y  a  withdrawal  of  heat  from  the  mi 
insufficient  to  account  for  it,  and  the  perpetual  motion  would  become  pos- 
sible 

When  a  piece  of  ice  is  placed  in  contact  with  another,  both  being  at  0'  C, 
a  very  slight  pressure  will,  by  lowering  tli  it,  cause  a  certain 

quantity  of  ice  at  the  point  of  contact  to  melt.  When  the  pressure  is  BtUevad 
the  mass  solidities  and  becomes  continuous  ice. 

Ice  is  not  without  a  small  degree  of  viscosity,  and  very  cold 

a  slope  of  1  in  4  under  a  pressure  equal  to  the  weigh! 

I  feet  '<f  ioe  >  liir  (Moseley  and  Browne) ;  but  at  temperatures  between  0"  C. 

about  -  |°  0.  it  can   be  driven  through  narrow  passages  bj  the  ab 
of  Kegel  at  ion,  for  when  crushed  tl  ad   of 

pressure  and  reunite,  again  to  be  crushed  and  forced  ou wards.  To  the  small 
viaocsity  of  ice  and  feo  the  process  of  crushing  Of  regelatiun  us  well  as  to 
creeping  (p.  350),  is  to  be  ascribed  the  How  <-f  glaciers. 

Soiu-.-t inn's  tin-  fusion-point  of  a  mixture  is  below  that  of  its 
A  mixture  of  common  salt  with  about  2  J  parts  of 
crushed  ice  nielts  at  about  —  18°  C.  or   0°   Fahr. :    above    this 
temperature  it  is  liquid ;  aud  when  ice  and  salt  are  mixed,  tin- 
result  fa  very  cold  liquid  brine. 

n  the  pavements  in  snowy  weather  are  cleared  by  means  of  salt,  the 
brine  thus  formed  being  at  a  temperature  of  o     F  *4  thirty-two 

roat,"  penetrates  the  shoe-leather  and  chills  the  feet  of  pedes?  i 
I  it  refuses  to  dry,  the  salt  being  hygroscopic — that  is,  having  a  great 
I- 1  water. 

Boiling  or  ebullition  is  a  rapid  process  of  reduction  of  a 
nil   to   vapour.     Evaporation    is  thus   disttnguiahed    from 
in   evaporation   particles   fly   from   the   surface   and 
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mingle  with  the  particles  of  gas  or  vapour  already  existing  in 
the  neighbourhood  of  the  surface  of  the  liquid,  and  drive  or  repel 
only  a  certain  proportion  of  them  away  from  the  surface :  in 
boiling,  the  particles  which  fly  from  the  surface  bombard  the 
surrounding  particles  so  hotly  as  to  drive  them  all  from  the 
neighbourhood  of  the  surface  of  the  boiling  liquid,  and  to  take 
their  place.  Thus  the  vapour  of  a  boiling  liquid  has  to  exert 
a  pressure  which  is  just  a  little  greater  than  the  atmospheric, 
or,  in  general,  the  exterior  pressure,  whatever  that  may  happen 
to  be;  the  vapour  of  an  evaporating  liquid  exerts  a  pressure 
which  is  only  a  fractional  part  of  the  atmospheric  or  exterior 
pressure. 

Besides,  the  process  of  evaporation  is  restricted  to  the  exterior 
free  surface  :  that  of  boiling  occurs  both  at  this  surface  and  at  the 
internal  surface  of  bubbles  in  the  interior  of  the  liquid. 

A  liquid   may  he  heated   to  a  temperature  above  its  boiling 
point,  and  if  there  be  no  bubbles  formed,  no  point  at  which  the 
action  may  preferably  start,  the  whole  liquid  may  become  over- 
stressed,  like  a  Rupert's  drop,  and   when   it  does  give  way  and 
form  vapour,  it  may  do  so  explosively.     This  kind  of  explosive 
boiling  may  be  observed  when  water  void  of  air  is  heated,  or 
when  drops  of  water  are  suspended  in  a   mixture  of  light  and 
heavy  oils  of  the  same  specific  density  as  water  and  then  heated, 
or  when  water  is  heated   in   a  glass  vessel,  especially  if  it   have 
been  carefully  cleaned  with  sulphuric  acid.     In  the  last  case  the 
surface  of  the  vessel  is  very  uniform,  and  there  is  no  sharp  point 
or  roughness  at  which  a  bubble  may  commence  :  thus  the  teinper- 
ature  rises  above  the  boiling  point  until  it  is  brought  down  by 
a  sudden  outburst  of  vapour,  and  bumping  ensues.     There  is  less 
of  this  in  a  smooth-metal  vessel  than  in  a  glass  one ;  still  leas  in 
a  rough-metal  vessel ;  still  less  where  jagged  pieces  of  platinum 
or  stone  have  been  immersed  in  the  liquid  to  be  boiled.     The 
process  of  boiling  depends  to  a  great  degree  for  its  regularity  on 
the  presence  of  air-bubbles :  we  may  sometimes  see  that  water 
when  long  boiled  ceases  to  evolve   bubbles,  and  evaporates  only 
at  the  surface  with  an  occasional  outburst  of  steam. 

A  bubble  of  air  or  vapour  produced  iu  the  interior  of  a  hot 
liquid  is  increased  in  size  by  molecules  escaping  into  it  from  the 
surrounding  liquid  ;  if  the  temperature  of  these  molecules,  their 
energy,  their  velocity,  their  pressure,  be  such  that  they  can  expand 
the  bubble  against  the  surrounding  pressure,  the  bubble  enlarges 
and  rises.     If  we  artificially  produce  bubbles  in  the  interior  of  a 
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heated  liquid,  as  when  we  electrolyse  hot  water,  the  liquid  boils 
very  rapidly  at  the  electrodes,  where  gaseous  oxygen  and  hydrogen 
are  being  given  off. 

The  boiling  point  at  different  pressures. — The  greater  the 
external  pressure  to  be  overcome,  the  greater  must  be  the  energy, 
and  therefore  the  greater  the  temperature,  of  the  rising  vapour. 
The  temperature  of  ebullition  and  the  external  pressure  ore  not 
directly  proportional  to  one  another,  but  are  found  experimentally, 
and  recorded  in  tables  such  as  those  great  tables  of  Regnault's,  to 
be  found  in  his  Relation  des  Expiritncts. 

At  mountain  height*  the  atmospheric  pressure  is  less  and  the  boiling 
point  i»  low n  ;  thus  at  Quito,  at  a  height  of  9540  feet,  water  boils  at 
90' •  I  Q 

If  a  flask  containing  water,  boiling  at  100°  C,  be  corked  and  set  aside 
until  it  has  cooled,  say,  to  90*  C,  and  if  the  upper  part  of  the  flask,  the  part 
containing  the  vapour  of  water,  be  suddenly  cooled  by  cold  water  dashed  upon 
it,  the  vapour  in  it  will  ba  portly  condensed,  and  a  partial  vacuum  will  be 
formed  :  the  water  will  rind  itself  at  a  temperature  of  90"  C.  under  a  pressure 
of  less  than  526 '4 5  mm.  of  mercury,  and  it  will  again  begin  to  boil :  the 
water  is  thus  seemingly  induced  to  boil  by  the  application  of  cold  to  the 
flask  containing  it 

If  a  cryophorus  tube,  Fig.  131,  of  which  both  bulbs  are 
lialf  filled  with  water,  have  one  bulb  immersed  in  a  freezing 
mixture,  the  vapour  in  the  cold  bulb  is  condensed ;  the  vapour  in 
the  tube  is  pushed  into  the  cold  bulb  by  the  uncompensated 
pressure  of  particles  rising  from  the 
liquid  in  the  wanner  bulb  ;  this  pro- 
cess is  continuous ;  work  is  continu- 
ously done  in  maintaining  the  flow  of 
vapour,  which  is  as  continuously  condensed ;  the  liquid  in  the 
wanner  bulb  continuously  evolves  vapour,  and  does  so  so  rapidly, 
the  pressure  being  small,  as  to  boil ;  it  continuously  does  work, 
but  receives  no  energy  ;  it  cools  and  ultimately  freezes,  even  while 
evaporating. 

Koiling  and  evaporation  may  thus  involve  not  only  the  giving 
of  momentum  to  particles  of  the  liquid,  but  also  external  work 
done  against  resistances ;  and  during  evaporation  there  may  be 
cooling  due  DO*  only  (1)  to  the  latent  heat  of  evaporation  absorbed 
in  producing  change  of  state,  but  also  (2)  to  the  external  work 
which  is  done  by  the  evaporating  body — work  which  generally 
takes  the  form  of  thrusting  aside  the  external  air. 

Examples  of  cooling  due  to  evaporation  are  : — The  cooling  of  the 
•kin  by  pewpirution  or  by  a  draught  of  air,  even  though  the  air  be  warmer 


Flf.131. 


H58 


HEAT. 


[ciIAl*. 


than  the  skin  ;  a  dog  cooling  himself  by  panting  with  kil  tongue  exposed;  a 
porous  water-cooler  or  akarrasa,  thfl  evaporation  ;it  the  surface  of  which  <:<m>1< 
the  contained  water  ;  the  practice  in  some  hot  countries  of  cooling  a  room  b\ 
throwing  water  over  the  flour  ;  the  OOoltng  undergone  by  a  liquid  which  is 
Mag  rapidly  evaporated,  as,  for  exajn|ilr,  tin-  rapid  cooling  of  .-ulphnrons 
anhydride  or  of  ammonia,  which  is  effected  in  the  course  of  the  process  of 
ififllal  ice-making  by  the  rapid  evaporation  of  the  liquefied  gases  under  a 
powerful  air-pump  ;  the  cooling  of  a  jet  of  liquefied  carbonic  acid  when 
allowed  to  escape  into  the  air,  so  that  the  substance  is  in  part  aolidih 

Ethylene  ((defiant  gas)  may  be  liquefied  by  cold  and  pressure  ;  on  being 
rapid  I  \  .v;qi..rated  under  the  air-pump  it  becomes  so  cold  that  air,  greatly 
comi'i  •  1.  can  be  liquefied  by  it.  This  liquefied  air,  when  allowed  to  eva- 
pora  ,  produces  temperatures  apparently  below-  210°  C.  (Olszewski J. 

The  latent  heat  of  evaporation  of  steam  is  A  =  (33011,504000  - 
33,200000  0)  ergs  per  gramme,  where  the  temperature  of  ebullition  is  6' 
Abs.  At  9940,32  Abs.  or  720o,6  C,  A  =  0,  and  this  temperature  is  for  steam 
the  Critical  Temperature,  beyond  which  there  is  no  change  of  state  when 
liquid  water  becomes  water- vapour. 

Saturation-Pressure. — Iu  the  case  of  every  vapour  we  find 
that  for  each  particular  temperature  there  i8  a  maximum  densii 
it*  we  compress  the  vapour  beyond  this  density,  a  portion  of  it  will 
be  liquefied.  If  we  allow  it  to  expand,  then — provided  that  I 
temperature  is  kept  constant,  and  that  the  vapour  is  kept  in 
contact  with  its  own  liquid — a  portion  of  the  liquid  will  be 
evaporated;   thu  lonsity   is    maintained   constant  ami    the 

vapour  is  kept  saturated.  Each  volatile  liquid  has  its  own 
saturation-pressure  for  each  temperature,  this  being  the  pres- 
sure necessary  to  bring  the  vapour  to  its  maximum  density. 

A  vapour  which  is  not  ■tufted  may  by  compression,  exerted 
until  the  pressure  of  the  vapour  is  equal  to  the  satnration-presM 
be  made  saturated,  and  by  further  pressure  will  l)e  caused  partly 
to  condense. 

The  saturation-pressure  of  any  vapour  at  any  temperature    if 
the  same  as  the  pressure  at  which  the  corresponding  liquid   1 
at  that  temperature. 

Even   in   contact   with   ice,   water -vapour   has  a   aaturation- 
prcssure,  Hid  evaporation  will  go  on  until  this  pressure  is  attained. 
A  strong  wind  blowing  over  a  snowfield  may  remove  much  of 
snow  by  true  evaporation  without  liquefaction. 

i  rated   steam    in    contact  with   ice    at    0*    C.    has   a .  pleasure  p  ~ 
{107-2  +  (6255  x  1080*')}  dynes  per  sq.  cm. — (Regnault.) 

As  a  general  rule   each  component  of  a  mixture  of  gases 
exercises  its  own  pressure,  and  is  not  affected  by  the  others  whj 
accompany  it.     Yet  this  rule  is  not  absolute ;  for  if  we  heat  in  | 
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flask   a  certain  quantity  of  air  alone,  we  find  that  it  exerts  a 
n  pressure ;  a  certain  quantity  of  water- vapour   introduced 
one  into  a  vacuum  would  exert  a  certain  pressure;  but  when 
both  the  water-vapour  and  the  air  are  introduced   into   the   same 
vessel,  the  joint  pressure  falls  somewhat  short  of  the  sum  of  t .In- 
several  pressures,  and  thus  it  is  shown  that  there  is  an  attractive 
l  ween  water  and  air. 
Vapours   at   variable   pressures   and   temperatures   generally 
obey  Boyle's  law  with  tolerable  regularity  until  the   pressure 
comes  up  to  about  ^  of  the  saturation-pressure,  and  that  whether 
they  be  alone  <>r  mingled  with  air  or  other  vapours. 

Measurement  of  Vapour  Density  at  different  temperatures. 

o.   By  measurement  of  the  pressure  exercised  by  the  vapour  of  liquid  at 
series  of  known  temperatures. 

This  is  effected  by  the  arrangement  sketched  in  Fig.  132.  The  mean 
temperature  of  boiling  is  indicated  by  four  thermometers,  two  in  the  liquid, 

in  1 1 1 « •  vapour:  the  vapour  is 
condensed  in  A  and  returned  to  the 
flask  :  the  pressure  is  measured  by  u 
manometer. 

The  use  of  this  method  depends 

■  tacit  assumption  that  Boyle's 
law  is  obeyed  throughout  all  ranges 
•J  ttmpvmtiirc  ;  but  tins  method  Efl 
not  applicable  except  at  low  tempera- 
tures and  low  pressures  ;  for  at  high 
pressures  the  vapour  assumes  abnor- 
mally n  nee  as  it  appro. 
its  saturation-pressure. 

fi.  By  measurement  <>f  the  volume 
occupied  by  a  known  weight  of  fluil, 
or  by  measurement  of  the  weight 
of  vapour  which  can  occupy  a  known  volume. 

Thv  ftnt  of  these  methods  is  that  of  Gay  Lussac  A  tube  filled  with 
mercur  rted  like  a  Torricellian  barometer  in  a  vessel  of  mercury,  and 

has  a  Torricellian  vacuum  at  its  upper  peat ;  the  whole  is  Imnened  in  a  bath 
of  liquid  kept  at  a  definite  temperature.  A  little  bulb  containing  a  known 
quantity  of  the  liquid  bo  be  vaporised  is  passed  up  into  the  tube  ;  being 
heated  it  bursts  ;  the  vapour  occupies  a  certain  volume  of  the  tube  ;  the 
mercury  stands  at  a  certain  height  in   ii  The   mercury  stands  at  a 

different  height  in  an  ordinary  barometer  ;  the  difference  of  muling  indicates 
the  pressure  exercised  by  the  vapour.  It*  weight  is  known,  its  volume,  and 
its  temperature.     A  aerie-  is  is  made  at  different  bath-tempera- 

tnrea.     If  ii  difficult  to  ensure  that  all  the  substance  is  liquefied. 

The  second  method  is  that  of  Dumas.  A  bulb  with  a  long-drawn  neck 
is  filled  with  liquid  and  immersed  in  a  heated  bath.  The  liquid  in  the  bulb 
violently  rushes  out  in  the  vaporous  state  through  the  narrow  neck  ;  this 
ccaocs  and  equilibrium  is  set  up  ;  the  bulb  is  tilled  with  vapour  at  the 
temperature  of  the  bath.     The  end  of  the  neck  is  then  sealed  by  a  blowpipe- 
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flame  ;  the  whole  is  removed,  cooled,  weighed.  This  gives  the  weight  of 
bttlb  +  vapour  ;  already  t. 3 1 •  -  freight  of  the  bulb,  its  volume,  tbt  tjath 
temperature,  are  known  ;  the  density  of  tin*.  va]>our  occupying  tin-  bulb  a;  I 
lompeTOtOW  of  the  kith  6n  be  thus  found.  At  high  temperatures  bulbs  of 
porcelain  or  iron,  and  baths  of  mercury-vapour,  sulphur- vapour,  or  zinc- 
vapour,  may  be  used  (Deville  and  Troost). 

The  density  of  saturated  vapour. — Fairbairn  and  Tate  found  the 
din  :rated  steam  by  introducing  into  a  recipient  of  known  capn 

and  devoid  of  uir  a  known  quantity  of  water,  and  by  measuring  the  temper- 
ature at  which  the  whole  of  the  water  was  evaporated. 

The  measurement  of  the  pressure  of  unsaturated  vapour,  if  it  present 
itself  alone,  is  simply  the  measurement  of  gaseous  pressure,  and  calls  for 
further  remark. 

The  measurement  of  the  pressure  exercised  by  an  unsaturated  vapour 
which  forms  one  of  the  components  of  a  mixture  is  in  one  case — that  of 
Aqueous  Vapour  in  the  Air  —  a  matter  of  importance,  A  numerical  example 
will  illustrate  this.  If  water  be  exposed  to  a  pressure  of  9' 16  mm.  of 
mercury  (  =  0*01205  otinos.).  it  will  boil  at  10*  CL  ;  if  water-vapour  of  such 
density  (supposed  constant)  that  it  exerts  a  pressure  of  0*01205  atmos.  be 
eZpOWd  to  ;i  temperature  alow  10°  C,  it  will  be  mi -at  u rated  ;  o(  10"  0.  it 
will  bt  saturated  ;  at  any  temperature  Moic  10"  C.  it  will  be  in  part  con- 
densed. 10*  C.  is,  then,  the  condensation-temperature  for  aqueous 
vapour  of  this  pressure  of  '01205  atmos.,  just  as  the  latter  is  the  saturation- 
pressure  for  aqueous  vapour  at  a  temperature  of  10"  CL     If,  now,  we  take 

t  air  containing  aqueous  vapour  and  air  in  the  proportion  of  0*01205 
to  098795,  at  the  ordinary  atmospheric  pressure  :  at  any  temperature  al 
10"  C.  it  will  not  deposit  moisture  ;  at  10"  C.  it  will  begin  to  do  so.  10*  C. 
is  the  condensing  temperature  or  Dewpoint  for  air  containing  this  pro- 
portion of  moisture.  To  other  proportions  of  moisture  oth  ints 
correspond  ;  these  can  be  found  in  any  table  of  the  boiling  points  of  \» 
at  different  pressures.  Hence,  if  we  can  find  the  temperature  at  which  air 
containing  aqueous  vapour  begins  to  deposit  moisture,  we  can  by  reference  to 
suet  >  <1  the  proportion  of  aqueous  vapour  in  the  air.  This  is  effected 
by  a  Hy grono 

The  et-sentiul  part  of  a  hygrometer  is  a  glass — or,  better,  a  smooth  silver 
— surface,  which  can  be  cooled  down  until  the  moisture  of  the  air  begins  to 
I.  jHisit  as  a  film  upon  it,  and  whose  temperature  at  the  instant  of  the 
dimming  of  its  brightness  can  be  accurately  ascertained.  The  surfuce  may 
be  fashioned  into  a  bulb  :  thin  bulb  may  contain  ether  ;  the  bulb  may  be 
cooled  hy  blowing  through  and  thus  rapidly  evaporating  the  ether  ;  the 
temperature  at  the  instant  of  dimming  of  the  surface  can  be  read  off  on  a 
thermometer  whose  lower  end  is  dipped  in  the  evaporating  ether.  The 
whole  may  be  allowed  spontaneously  to  become  warmer ;  as  it  does  so  the 
film  disappears  :  the  temperature  at  which  this  occurs  is  noted.  11; 
again  caused  to  appear  and  disappear  ;  by  dint  of  repetition  a  mean  point 
lietween  the  higheat  temperature  of  appearance  of  the  film  anil  tli»«  lowest 
temperature  of  its  disappearance  is  obtained,  which  is  the  Dewpoint  required. 

Another  nuihod  for  ascertaining  the  dewpoint — one  for  doing  so   by   a 
*ingle   ouHervation — is   the    following: — If  a  thermometer  bulb  be  by  any 
means  kept  cool   by  evaporation — being  covered  with  a  wet  piece  of  linen 
whirh  dips  in  water,  or  the  like — the  bulb  is  cooled  ;   the  extent  of  cool 
depends  on  the  rapidity  of  evaporation  :  the  rapidity  of  evaporation  depends 
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on  the  Humidity  of  the  air — that  w,  on  the  ratio  between  the  amount  of 
aqueous  vapour  actually  present  in  the  air,  and  that  which  would  be  pMMBt 
at  the  temperature  of  the  air  if  the  air  were  saturated  with  moisture.  The 
less  the  humidity  of  the  air,  the  greater  will  be  the  evaporation,  and  the 
greater  will  be  the  difference  Iwtween  the  muling*  of  a  tlurmoitiet^r  kept 
cool  in  this  way  and  thoso  of  a  thirmomcter  intgaetad  l"  normal  circum- 
stances. Tables  have  been  constructed  in  which,  for  each  reading  of  the  "  dry 
bulb  "  and  of  the  u  wet  bulb,"  the  corresponding  jwrcentage  of  aqueous  vapour 
in  the  air  ia  recorded. 

Dew. — When,  on  a  clear  night,  the  earth,  stones,  plants,  etc., 

>me  cool  by  free  radiation,  their  temperature  may  sink  below 
the  condensation-temperature  proper  to  the  particular  percentage 
of  aqueous  vapour  in  the  air.  When  the  temperature  thus  sinks 
below  the  dewpoint,  the  moisture  of  the  air  is  partly  deposited  in 
the  form  of  dew  ;  and  the  more  highly  charged  with  moisture  the 
air  had  become  during  the  day,  the  earlier  and  the  heavier  is  the 
depont  of  <lew  at  night. 

Changes  of  Elasticity.  —  Among  other  changes  of  state 
effected  by  heat  it  is  important  to  note  the  change  produced  in 
the  elasticity  of  a  body. 

If  a  gas  be  kept  at  the  same  temperature,  its  elasticity 
— its  resistance  to  a  small  compression — is  numerically  equal  to 
the  pressure  which  it  exerts. 

If  a  gas  be  compressed  in  such  wise  as  to  lose  no  heat-energy, 
it  becomes  heated,  exercises  more  pressure,  and  offers  more  resist- 
ance to  compression,  and  is  therefore  more  elastic;  its  elasticity 
under  adiabatic  compression  is  greater  than  that  at  constant  tem- 
perature in  the  ratio  of  1*4058  to  1. 


Transformations  of  Heat. 

Transformation  of  Work  into  Heat  may  be  effected  directly 
the  agency  of  friction,  or  indirectly  by  the  transformation  of 
kinetic  energy  into  the  euergies  of  noise,  light,  electrical  condi- 
tion, which  are  in  their  turn  converted  into  heat.  Even  the 
conversion,  apparently  direct,  by  the  agency  of  friction  may  be 
due  in  the  first  place  to  the  generation  of  local  electrical  currents 
or  conditions,  the  energy  of  which  is  afterwards  converted  into 
heat 

Transformation  of  Heat  Into  "Work. — From  our  previous  discus- 
sions of  the  lndica tor-Diagram  we  understand  that  the  work  done  by  any 
substance  during  expansion  can  be  represented  by  the  area  pp'v'vp  (Fig.  133), 
where  Op,  Op  represent  the   original  and  final  pressures,  Or  and  Ov    the 
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original  ami   final   volumes.     The  work  •■,  done  by  the  expanding 

substance  (steam,  air,  etc)  if  the  expansion  be  positive,  from  Ov  to  Ov' ; 
negative,  done  upon  it  if  the  expansion  be  negative,  as  from  Oi-'  to  a  less 
value  Of. 


Fig.  1  S3 
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Where  work  is  done  both  by  and  upon  the  working  substance,  as  in  I  1 1 
134,  the  negative  work  p'p'v'v'p'  being  subtracted  from  the  positive  work 
pp'v'vp,  there  is  left  an  area  pp'p"vnvy  which  represents  the  work  done. 

If  the  curve  pp'p"  be  complicated,  the  total  work  done  may  be  found  by 
dissecting  the  figure  ;  any  complex  operation  may  be  resolved  into  a  number 
of  simple  ones  of  which  each  produces  its  own  effect ;  the  work  done  is  fun  ml 
by  a  process  of  summation  of  jjositive  and  negative  areas. 

When  the  working  substance  returns  to  its  original  volume  and  pressure 
as  in  Fig.  135,  the  shaded  area  again  indicates  the  amount  of  work  dlllM  fcjl 
the  working  substance,  just  a-*  if  in  Fig.  134  the  line  j'v"  ha d  beta  made  to 

coincide  with  pv.     The  work   is  positive  if 

the  change  of  pressure  and  of  volume  have 

ited  in  the  dseotlOO  of  the  arrows  ; 

mgutive  if  effected  in   the  contrary  sense. 

m  operation  is  a  Cycle. 

The  advantage  of  studying  the  amount  of 

work  done  by  a  working  substance  operating 

in  a  cycle  is  that  we  are  not  called  upon  to 

take  any  internal  work  into  account.     The 

body  returns   at  the  end  of  the  '^ration 

to  its   primitive  condition,  and  tin  n-  is  no 

balance  of  work  done  cither  by  or  against 

internal  forces. 

1  nto  the  consideration  of  a  cycle  we  intro- 
duce an  assumption  that   it  is  poaUhl 
a  working  substance  to  return  to  the  same 
condition  as  regards  pressure  and  volume  at  the  original  temperature  ; 
tha  illicit  not  have  been  true  as  regards  any  actual  substance,  though  it  is 

ly  true  as  regards  perfect  gases;  it  ia,  however,  actually  true 
regards  ph> -steal  gaaea,  for  the  elasticity  of  gases  is  perfect. 

We  must  choose  some  particular  kind  of  cycle  for  our  ideal  operations  : 
that  to  be  explained  is  the  one  best  adapted  for  the  study  of  the  relations 
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between    work  and  heat,  and  was  devised  in    it  form   by  Sadi 

( Smut  ;  it  is  hence  known  as  Carnot'a  oycle. 

Hildas  expand  at  constant   temperature,  we  know  by    BovI.-'h  law 

that  the  pressure  and  the  volume  vary  inversely  ;  this  law  can  he  expressed 

•ally  by  an  equilateral  hyperbola,  lor  in  that  curve  xy  =  const.     The 

pressures  and  volumes  at  different  temperatures  are  represented  by  points 

perbolafc     Imagine  the  curves  of  Fig.  136  to  represent  por- 
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tlie  hyperbolas  corresponding  to  temperatures  0^    Aba,  and  0%    Abs. 

i.is-.  of  substance.     This  substance,  at  the  temperature  0L  and 

ill  have  the  volume  v ;  bo  the  pressure pa  at  the  same  temperature 

corresponds  volume  i»2 ;  if  the  temperature  be  01  and  pressure  pv  the  volume 

v,  but  c/t  a  point  on  the  higher  hyperbola/on  the  line — the  so-called 

Isothermal  line — corresponding  to  the  higher  teinj>eraturc  0^  Abs. 

Expansion  of  a  gas  involves  a  more  rapid  fall  of  pressure  when  it  is 
effected  adiabatically  than  when 
•d  at  constant  tempera- 
ture, for  die  gas  cools  down : 
the  Adiabatio  lines,  which 
express  the  relations  bai 
pressure  ami  volume  when  heat 
is  neither  aupj'l  Qowad 

lo  escape,  slope  more  steeply 
than  •  rmal  bines  for 

the  same  substance.     Fig.  137 

••uts  these  line*,    nil 
the  relations  between  the  pres- 
sares  imes  of  a  sub- 

stance starting  from  conditions 
;.,,  p,,  Uv  and  p„  r,  $v 
correspond  to  those  of  the  pre- 
vious figure. 

us  now  superpose  the 
two  fignres  136  Bud  137,  and  we  obtain  Fig.  138,  and  are  now  prepared  to 
understand  Carnot's  cycle  in  its  modern  form. 


I    -- 


— f, 


pi H 


.j — i.^g 


-e, 


364 


HEAT. 


[CHAP. 


The  steps  of  Oarnot's  cycle — 

1.  Starting  with  our  working  substance  at  the  condition  pv  vv  0j*  Aba, 
(point  A),  we  allow  it  to  expand  at  the  temperature  0/,  this  temjwrature 
being  maintained  constant.  Running  through  MMMHlTO  pressures  and 
volumes  represented  by  successive  points  on  the  isothermal  line  0V  it  assumes 

>sure,  say,  px'  and  volume  i>j'  (point  B). 
Work  is  done  equal  to  p^  log  (p//?,)  ■  the  area  ABv/v,.    This  work  is 
done  at  the  expense  of  heat-energy  supplied  to  the  working  substance  from 
an  external  source. 

2.  Starting  from  the  condition  y,',  fc',  6X  (point  B),  we  allow  the  working 
substance  to  expand  adiabatically,  until  it  assumes  the  temperature  6^  and 
the  corresponding  condition  p^,  v2',  6%  (point  C).  BC  is  a  part  of  the  adia- 
batic  line  passing  through  B  and  cutting  the  $2  isothermal  in  0. 

Work  equal  to  the  area  BCt^'t^'  is  done  by  the  expanding  substance,  but 
at  the  expense  of  its  own  heat-energy,  for  no  heat  is  supplied  to  it. 

3.  The  substance  is  now  compressed  until  it  assumes  the  condition 
Jjjp  u^,  6% — that  is,  until  it  mm  from  C  so  far  up  the  isothermal  line  $a  as 
to  meet  at  D  an  adiabatic  line,  which  passe*  through  the  original  point  A. 
Work  is  done  equal  to  the  area  CDt>2v2'=j>av2  log  (vg'/og) :  but  it  is  done 
upon  the  working  substance,  for  that  substance  is  compressed,  and  heat  to  a 
corresponding  amount  is  lost  by  the  working  substance,  fot  it  passes  to  sur- 
rounding objects,  and  may  be  wasted  by  conduction  and  EM  lint  ion  into  all 
the  univeroe, 

4.  The  body,  bom  which  no  more  heat  is  allowed  to  escape,  is  now  sup- 
posed to  be  still  further  compressed  until  it  has  regained  its  original  condition 
pv  Vj,  0,\  Work  is  done  un  the  working  substance  thus  oompremed,  but 
appears  as  heat  in  the  substance,  not  as  external  work  cither  positive  or 
negative,  and  the  temperature  rises,  for  no  heat  is  allowed  to  escape. 

The  whole  energy  supplied  to  the  working  substance  from  the  source 
is  plvl    log   (*|7*i)  '•    tnafc   wasted    is  p3vt    log   («a'/f3)  ;    that   utilised    ii 


_!L 


ptt}  log  a 


2  of  the  whole.     This  can  be  proved  (Verdet,  Thn- 


Rftg,  where  0,  and 


A. 


mod\piamiquct  p.    127)  equal  to  Q-l — i-8-*  of  the  whole,  for-*-** 

tlie  area  ABCD  is  very  small.     But  pvvv  =  R0l ;  ;y>3 

are  the  respective  temperatures.      Hence  the  proportion  of  energy  utilised 

ne\  ~*\  or  *LT-*>  of  the  whole. 

Rt»j  &l 

The  working  substance  operating  in  such  a  cycle  acts  as  a  distributor  of 
energy  ;  it  divide*  H,  the  heat-energy  supplied  to  it  from  the  Source  of  heat, 
into  two  parts  :  one  part,  Hp  passing  to  the  Condenser,  is  lost  by  conduction 
and  radiation  ;  the  remainder,  W,  is  iiKefully  converted  into  external  Work. 

The  heat  H  is  supplied  at  the  higher  temperature  $v  ;  the  quantity  of 
heat  H.  is  lost  to  surrounding  objects  at  the  lower  temperature  0%  ;  the 
Efficiency  of  such  an  ideal  arrangement  is  the  ratio 


Heat  utilised 


Heat  supplied  U 


ILliil  _  ? 
=  H 


6,-6, 


ft 


-•. 


Thus,  so  far  as  Carnot's  cycle  is  concerned,  even  though  we  could  find  a 
working  substance  and  construct  a  machine  which  could  carry  the  cycle  out 
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in  practice,  yet  there  would  be  a  great  waste  of  heat-energy,  unavoidable 
unless  we  had  a  condenser  at  a  temperature  of  absolute  zero.  If  the  temper- 
ature of  the  bofltf  <>f  un  ideal  engine  competent  to  work  out  Quttotfl  cycle 
were   120*  C.  (393°  Abs.),  and  that  of  the  condenser  0"  C.  (273"  Abs.),  the 

303  —  °73 
work  done  by  such  an  engine  could  not  exceed ,  or  about  30'6 

per  cent  of  the  whole  energy  supplied  it-  heat. 

The  cycle  above  considered  is  reversible;  each  step  in  it  can  be  retraced 
—or  could  be  retraced  if  we  could  construct  on  engine  capable  of  working 
without  waste  of  energy  in  noise,  friction,  excessive  conduction  nnd  radiation 
of  heat,  and  the  like — work  being  done  not  by  but  upon  the  engine  03  it  is 
driven  backwards. 

The  effect  of  nursing  such  a  cycle  would  be  that  work  W  being  done 
upon  the  engine,  the  quimtity  H,  ofhsftt  would  be  tuk.-n  from  the  condenser, 
and  the  quantity  11  of  heat  would  Vie  communicated  to  the  source. 

Any  engine  mini  operate  through  periodic  cycles  if  its  action  is  to  bo 
continuous:  ami  in  tret]  engine  there  is  an  absolutely  necessary  waste  of 
energy  arising  from  the  necessity  of  restoring  the  engine  to  its  primitive 
position  in  order  that  its  piston  may  repeat  its  effective  thrusts. 

Carnot's  ideal  "perfect"  engine  is  one  which,  with  a  working  substance 

capable  of  returning  to  its  primitive  condition,  will  work  out  the  revertiLU 

cycle  above  described,  and   thus  attain  the  efficiency  above  indicated  :  an 

engine  which   wastes  no  energy  otherwise  than  by  restoring  the  primitive 

•  11  m  of  its  working  substance. 

The  perfection  of  a  perfect  engine  depends  not  on  the  nature  of  the 

working  substance,  but  on  the  reversibility  of  the  cycle,  whirh  it  1 -p. -rates, 

and  the  efficiency  of  such  a  reversible  engine  depends  only  on  the  temper* 

atures  between  which  it  works.     Carnot's  Principle,   as  enounced  by 

himself  is — the  motive  power  of  heat  ||  independent  oj   tin-  material  agents 

plojed  to  realise  it ;  its  quantity  h  asterauned  mlnly  by  the  temperatures 

between  which  the  "  transport  of  Caloric  "  *  is  effected. 

\V 
The  efficiency  —  =  <£  (<,  t  -  t\  where  t  =  $.  and  :  =  0   -  0lt. 
11 

-/ft  0  -/'  ft  h 

The  efficiency  depends  upon  t,  the  difference  of  temperatures  between  Hi. 
tource  and  condenser,  end  upon  *p  (<),  a  function  of  t  which  is  called 
Carnot's  function,  C. 

...       a.  .  dihVn  m  '.'••    Of    temperatures       I 

that    efficiency  = ! = .. 

temperature  of  source  t 


We    have    also    aeen 


Hence  C 


-  ;  and  Carnot's  function  ii  the  reciprocal  of  the  absolute  tem- 


perature. 

The  Efficiency  of  a  Carnot's  Reversible  Engine  is  greater  than 
that  of  any  other  engine,  if  it  wen  possible  to  devise  a  more  efficient 
engine  it  might  be  employed  with  the  1  a  pen diture  of  a  certain  amount  of 
heat  to  drive  a  reversible  engine  backwards  ;  the  source  and  the  condenser 
of  the  Carnot's  engine  mighl  be  the  same  as  those  of  the  better  engine  :  the 
Carnot's  engine  would  be  occupied  in  restoring  to  the  source  the  heat  taken 
from  it  by  the  better  engine  ;  on  the  whole,  a  surplus  of  work  would  during 

•.-isioti  implying,  as  in  his  day,  the  material  theory  of  heat. 
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each  cycle  be  done  by  the  conjoined  mechanism- — a  surplus  not  accounted  for 
by  heat  lost  by  any  body — a  creation  of  energy. 

If  ilu:  better  engine  were  employed  in  driving  a  larger  Carnot's  engine 
backward.-,  there  might  be  no  aurplus,  no  external  work  done  ;  but  a  greater 

i. lit.  of  heat  would  be  conveyed  to  the  source  by  the  reversed  Carnotthan 
would  be  taken  from  it  by  the  more  efficient  but  smaller  engine,  mid  tin- 
whole  heat  of  the  universe  might  he,  step  by  step,  induced  to  trav« 1  through 
tin-  condenser  into  the  source  of  the  conjoined  mechanism — a  conclusion 

■  nth  tbenid 

That  tins  conclusion  is  absurd,  or  at  any  rate  contrary  to  ftTperfattca,  so 
long  as  we  cannot  deal  like  Clerk  Maxwell's  Demon  (p.  50)  with  single  mole- 
cules, it  is  the  aim  of  the  Second  Law  of  Thermodynamics  to  state  : — 

!  cannot  of  itself  pass  from  a  colder  body  to  a  hotter  one,  nor  can  it  be 
made  so  to  pass  by  any  inanimate  material  nMntnJOD  i  ami  no  mechanism 
can  be  driven  by  a  simple  cooling  of  any  material  object  In-low  the  teini>er- 
ature  of  surrounding  objects. 

The  word  simple,  or  some  equivalent  word,  is  necessary  in  the  above 
statement  of  the  second  law  for  the  following  reason  : — A  quantity  of  com- 

sed  gas  can  do  external  work,  and   in  so  doing  cool  itself  below  the 
temperature  of  surrounding  objects  ;  but  its  cooling  is  not  a  simple  loss  of 
li>  it  energy  ;  there  is  a  concurrent  change  of  condition  of  the  gas,  a  change 
which  cannot  be  reversed  without  the   expenditure   of  heat  exceedin. 
t  the  heat  converted  into  work  l»y  the  expanding  gas. 

Thir  iiuitted,  we  may  reason  backwards  and  arrive  ut  the  ratio 


if  efficiency 


-0. 


", 


*  in  a  reversible  engine  as  a  direct  ioroll;u  pro- 


engine 


position  ;  and  the  statement  of  that  ratio  of  efficiency  in  a  revei 
is  also  known  as  the  Second  Law  of  Thermodynamics. 

il  Protean  law  assumes  another  form,  apparently  different  from   but 

essentially  identical  witli  both  the  preceding.     Temperature  being  assumed 

proportional  to  the  total  heat-energy,  the  total  amount  of  heat-energy    II 

lied   at  the    higher    temperature    91   is  proportional   to  6l;    II  =  r0j  ; 

H  /.',  -  « .     Similarly  Hlf  the  heat  loHt  to  the  condenser  at  the  lower  temprr- 


ature  6^  is  Hj  =  cd,  ;  H,/02  =  c.      Hence  H,'dl  =  H,/02 

H  —  H 
may  not  only  derive  the  former  eqtiation 


loin    this    we 

but  also  the 


».-'» 


=  0 


11  ~TX 

an  equation  which,  in  the  most  general  case,  takes  a 


f.      II      H, 
equaUon  j-jj3 

i  applicable  to  the  moat  complex  reversible  cycle,  namely,  i!  -' 

u 


II 


i 


dll 


0  (Thomson);  an  expression  very  ■  ut  for  mathematical  pur- 


poses, but  difficult  to  translate  into  words.     In  a  perfect,  a  reversible  cycle, 
tin-  Entropy,*  the  sum  of  th.-  equivalences  of  all  the  tnu  u  is  xero 

(Clausiue).     In  a  non-reversible  process  the  sum  of  the  transformation*  is 
positive,  and  since  all  processes  are  non-reversible,  the  sum  of  the  entropies 

'  I  liituiinit  has  applied  the  term  Kntropy  to  the  expression  1(11/0) ;  and  it  will 
not  be  difficult  to  we  that  where  that  sum  is  |>ositivo,  more  heat  is  given  to  the 
•  -ligiue  by  the  source  than  is  given  when  that  sum  ■  0.  the  work  done,  W,  remaining 
unchanged:   and  tins  excess  ia  wasted  by  passing  through  the  cm  the 

external  uuirerse. 
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in  the  universe  tends  to  a  maximum.     According  to  Rankine'a  mode  of  ex- 
pression, substantially  identical  with  the  preceding,  the  second  law  is  :  It 
absolute  temperature  of  a  uniformly-hot  substance  be  dfoidfid  Into  any  number 
of  equal  part>.  of  MOB  Of  those  parts  in  euuing  work  to  be  performed 

is  equal.     This  implies  that  the  absolute  temperature  is  prnj>ort ional  t<»  tin- 
total  heat-energy,  ami  BO  DUEgM  into  the  preceding  form  of  the  second  law. 
Lastly,  Carnot'a  principle  itself  is  often  called  the  Second  Law  of  Thermo- 

.hlMliik-. 

We  have  already  studied  the  direct  transformation  of  heat 
into  work  in  the  rati  it  •meter.  In  the  steam-engine  the  heat  of 
the  steam  may  be  in  part  converted  into  work  ;  the  piston  is 
bombarded  by  the  particles  of  the  steam,  and  if  the  resistance  to 
its  onward  movement  be  not  excessive,  it  is  thrust  forward  I  •;. 
the  joint  impact  of  the  particles  which  impinge  "ii  it,  their  several 
components  of  motion  parallel  to  the  piston-rod  being  effective  m 
this  respect. 

Kven  under  the  most  favourable  circumstances  which  can  be 
conceived,  heat  cannot  be  wholly  converted  into  work  by  any 
B  of  continuously -a<  tin g  mechanism.  The  efficiency  of  the 
ideal  perfect  engine — small  though  that  efficiency  be — is  never 
approached  in  practice;  and  the  efficiency  of  the  human  body 
rrmsiderad  as  a  machine — one-fifth  of  the  total  energy  supplied 
to  it  being  capable  of  utilisation — is  remarkable  when  we  consider 
the  narrow  limits  within  which  it  operates. 

Work  can  thus  be  wholly  converted  into  heat,  but  heat  can 
n.-viT  be  wholly  converted  into  work;  whence  a  universal  tendency 
to  the  Degradation  of  Energy  into  Heat,  the  lowest  of  its  forms 


Measurement  of  Heat. 

Temperature  we  have  now  seen  to  be,  when  measured  from 
lute  zero — a  zero  of  absolute  cold — (I)  proportional  to 
ulute  amount  of  molecular  kinetic  energy,  and  (2)  to  be 
the  reciprocal  of  Carnot's  function. 

What  is  meant  by  equal  degrees  of  heat  I  Why  is  the  diilei- 
ence  between  0°  C.  and  1°  (.'.  supposed  to  be  equal  to  that 
between  100'  0.  and  101°  C.  ? — In  a  perfect  gas  equal  differences 
.if  temperature  correspond  to  equal  increments  of  energy. 

ig  a  system  of  adiab.  •■thermal   lim 

isothermal    lines   must  he   so  drawn   an  to   cut  ireas   between   th- 

oiluiUaic  lines. 

Absolur  old    correspond   to   total    absence  of  heat- 

a&eigy. 
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If  we  had  a  perfect  gas  at  command  we  might  measure 
temperature  by  its  means  in  either  of  two  ways : — 

(1)  We  might  observe  its  pressure  at  constant  volume: 
equal  increments  of  pressure  correspond  to  equal  increments  of 
temperature. 

(2)  We  might  observe  its  varying  volume  at  constant  pressure: 
the  volume  is  proportional  to  the  absolute  temperature,  and  equal 
increments  of  volume  approximately  correspond  to  equal  incre- 
ments of  temperature. 

1*1  ii;  former  is  the  more  accurate  method. 

We  have  no  perfect  gases  to  experiment  upon :  air,  etc.  are 
not  perfect  gases.  Yet  we  may  perform  either  of  the  above  opera- 
tions on  a  quantity  of  air  confined  in  a  flask,  and  thus  construct 
an  air  thermometer.  The  former  method — that  of  observation 
of  pressure — is  here  doubly  preferable  to  the  latter — that  of 
observation  of  expansion — because  in  the  former  there  is  no  waste 
of  energy  in  doing  either  internal  or  external  work,  and  tin* 
increase  of  pressure  is  appreciably  the  same  as  that  of  a  perfect 
gas.  The  indications  of  an  air  thermometer  used  in  this  way 
may  hence  be  assumed  as  an  approximate  standard  of  com- 
parison. 

Ft  the  corr.M  tiuuu  necessary,  see  the  table  in  Tait's  Heat,  p.  340. 

By  the  uir  tfwTIMinwtW  We  find  Hint  fur  |  full  of  1"  0.  [from   L*  to  0 
on  the  mercurial  thermometer,  the  pressure  sinks  in  the  ratio  of  274  to  81 
hence  the  temperature  Biuks  in  the  Banic  ratio,  absolute  zero  is  -  273*  C, 

and  Curnot's  function  has  the  numerical  value  of  (       fur  a  temperature  of 

0"  C,  and  of  ==■= for  a  temperature  of  t"  C. 

273  +•  I 

Two  bodies  are  said  to  be  at  different  temperatures  when  the 
one  has  a  tendency  to  lose  heat  to  the  other ;  to  have  the  same 
temperature  when  there  is  no  such  tendency :  and  bodies  are  at 
the  same  temperature  when  they  have  the  same  heat-energy  per 
molecule,  not  per  unit  of  weight. 

1'ifferences  of  temperature  may  be  roughly  perceived  by  the 
bund  ;  the  sense  of  temperature  can  even  1m?  cultivated  like  that 
of  musical  {'itch  so  as  to  arrive  at  approximate  accuracy  without. 
actual  recurrence  to  a  standard  of  known  temperature. 

Any  of  the  effects  of  heat  mag  <1   fof   detecting  the 

presence  of  heat  and  for  constructing  a  thermoscope.     Arbit 
graduation  of  any  thermoscope  will  enable  it  to  be  used  as  a 

uometer. 
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Breguet's  metallic  thermometer  is  a  spiral  strip  composed  of 
three  metal  strips  soldered  together  by  their  broad  surfaces :  the 
different  rates  of  expansion  cause  the  spiral  to  roll  or  unroll  ac- 
cording to  the  variations  of  temperature,  and  thereby  to  move  a 
j  »"inter. 

The  air  thermometer,  one  of  whose  forms  is  shown  in  Fig. 
139,  is  principally  used  as  a  standard  of  reference.     AD  is  a 

aonwter,  in  which  above  D  there  is  a 

lYirricelliau  vacuum  :  H  is  an  air  chamber, 

E  an  auxiliary  cistern  of  mercury.      A 

be  mercury  A  is  depressed  below 

a  certain  mark,  so  far  is  the  level  of  mer- 

B  raised  by  raising  the  mercury 

cistern  E,  closing  the  stopcock,  and  ett'w.t- 

ing  a   fine   adjustment  by  means  of  the 

screw  C.    The  volume  of  the  gas  between 

B  arid   A   is   thus   made   constant,   and 

the  column  of  inercury  AI)  measures  the 

pressure  of  the  gas  in   EL 

a  same  thermometer  may,  by  an 
adjustment  of  the  height  of  the  column 
AD,    be   used   as    a   constant  -pressure -and-  variable-  volume   air 

The  air  thermometer  presents  the  disadvantage  of  being  ex- 
tremely unwieldy ;  but  it  has  the  advantage  that  the  comparath  ely 
small  expansion  of  the  glass  produces  little  effect  in  causing  any 
ence  between  the  apparent  and  the  real  expansion  of  the  air, 
OK  iii  vitiating  the  adjustment  to  constant  volume. 

The  ordinary  mercurial  thermometer  is  a  familiar  object. 
Its  simplest  form  would  DO  that  of  a  flask  with  a  long  neck.  If 
the  neeh  irere  open,  the  mercury  would  be  in  danger  of  accidental 
loss  an d  of  evaporation;  the  neck  must  therefore  be  closed.  If 
re  simply  closed,  the  air  contained  in  the  neck  would  at 
niperatures  be  compressed;  the  bulb  would  burst;  hence 
nun  must  be  produced  in  the  upper  part  of  the  neck.  This 
iin  is  produced  by  closing  the  tube  while  mercury  is  bofling 
within  it ;  on  cooling  the  mercury  contracts  and  retracts,  leaving 
a  spji  aining   only  a   certain  quantity  of  the   vapour  of 

to  the  graduation  of  the  mercurial  thermometer,  this  might 

be  effected  by  comparison  with  an  air  thermometer,  a  troublesome 

■>s,  resulting  in  degrees  true  but  unequal  in  size;  or  by  taking 


370 


HEAT. 


[chap. 


;i  i\;intu^<>   (Renaldiiii)   of  the  fact  that  the  "freezing  point"  of 
water — or,  better,  the  melting  point  of  ice — and  the  ■  boiling 
point"  of  water — or,  better,  the  temperature  of 
-  steam  at  the  pressure  of  760  mm.  Hg. — are  con- 

stant temperatures,  and  may  be  taken  as  fixed 
points ;  that  the  height  assumed  by  the  mercurial 
column  at  these  two  temperatures  may  be  marked 
on  the  tube ;  and  that  the  tube  between  these  two 
marks  may  (Newton)  be  mechanically  graduated 
by  equal  division  into  degrees — a  method  cer- 
tainly convenient,  but  only  approximately  correct. 

The  boiling  point  of  water  U)  mU mated  by  inserting 
the  thermometer  in  an  atmosphere  of  steam  raiTODJ 
by  a  steam-jacket  (Fig.  140),  intended  (Berthelot)  to  check 
irregular  condensation.  The  pressure  must  be  the  standard, 
760  DUB.  Bg.  The  "filming  point"  must  be  determined 
by  the  position  assumed  by  the  mercury  when  the  water 

which  trickles  off  melting  ice  flows  in  a  stream  over  the  mercury  bulb,  the 

whole  being  surrounded  by  a  jacket  of  melting  ice. 

On  the  Centigrade  thermometer  (Linnaeus)  the  "  free; 
point"  and  the  boiling  point  are  respectively  0°  and  100°  C. ; 
on  the  Fahrenheit  scale  they  are  32°  F.  and  212°  F.;  0°  F.  being 
the  lowest  temperature  attained  by  Fahrenheit  (Phil  Trans. 
1724)  by  means  of  a  mixture  of  ice,  water,  and  salt  or  sal- 
ammoniac. 

Fahrenheit  did  not  use  the  boiling  point  of  water  as  a  standard,  but 
imagined  his  zero  to  be  an  absolute  /em,  ami  then  made  or  intended  to  make 
the  freezing  point  of  water  to  stand  at  one-third  between  this  absolute  cold 
and  I  In-  fetmpttfttun  of  the  human  tody,  which  for  convenience  he  called  96*. 

Water  has  been  used  as  the  expanding  substance  in  therm  meters  ;  it  is 
objectionable  on  account  of  its  point  of  maximum  density.  Alcohol  is  used 
at  very  low  temperatures,  because  it  b  Dot  readily  frozen.  Mercury,  which 
is  very  advantage,  m.-  Ml  account  of  its  low  specific  heat  and  its  ready  response, 
was  brought  prominently  into  notice  by  the  astronomer  Htlley. 

The  sensitiveness  of  thermometers — the  power  of  reveal- 
ing minute  variations  of  temperature — is  increased  by  narrowing 
the  tube  or  by  enlarging  the  bulb.  A  large  bulb  is,  however, 
inconvenient;  because  it  is  difficult  of  insertion  in  apertures 
— a  fault  which  may  be  remedied  by  giving  the  bulb  a  cylindrical 
form;  because  it  may  alter  materially  the  temperature  of  the 
object  whose  temperature  is  to  be  ascertained;  because  it  slowly 
equalises  its  temperature  with  that  of  the  object.  A  narrow  fen 
is  inconvenient  because  a  narrow  thread  of  mercury  is  ditlicult 
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see ;  this  may  be  remedied  by  using  a  tube  of  fiat  elliptical  sec- 
tion, and  by  enamelling  the  back  of  it. 

The  main  causes  of  error  in  the  use  of  a  thermometer  are, 
that  the  graduation  alters,  the  "zero  rises,"  or  a  thermometer 
inserted  iu  melting  ice  comes  in  course  of  time  apparently  to 
indicate  a  temperature  somewhat  above  0°  C.  or  32*  F.,  this  effect 
being  probably  due  to  a  slow  yielding  of  the  bulb  to  atmospheric 
pressure ;  and  further,  that  it  is  not  always  possible  to  ensure 
that  the  whole  of  the  mercury  is  at  the  same  temperature. 

In  testing  a  thermometer  it  is  important  to  see  that  the 
■  freezing  point "  and  the  "  boiling  point "  are  accurately  indicated 
by  it,  or  that  it  agrees  with  a  thermometer  in  this  respect  correct ; 
and  that  the  bore  of  the  tube  is  uniform,  so  that  a  little  detached 
portion  of  the  thread  of  mercury  may  occupy  an  equal  length  in 
all  parts  of  it 

For  accurate  comparison  of  thermometers  they  should  be  im- 
mersed together  in  a  cooling  fluid  rather  than  in  one  which  is 
being  heated  (Fourier) ;  the  temperature  indicated  by  a  thermo- 
meter in  a  cooling  fluid  is  always  a  little  higher  than  that  of 
the  fluid. 

practical  details  connected  with  testing  thermometers  see  Gscheid- 
PhyriolOfitdu  Methodik,  p.  76. 
Par  obei  nations  of  the  temperature  of  the  skin  it  is  well  (Colin)  not  to 
eorer  the  bulb  with  flannels,  or  to  leave  the  thermometer  in  such  circum- 
stance* for  too  long  a  time,  for  the  skin  assumes  the  temperature  of  the 
interior  ;  rather  should  quickly-acting  thermometers  be  used.  Apply  a  thcr- 
mon  kly,  fresh  from  the  pocket  or  the  hand:  keep  it  closely  in 

contact  with  the  skin  ;  avoid  blowing  on  the  bulb  j  put  a  little  cupola  of 
paper  or  cotton  over  the  bulb,  but  not  in  contact  with  it. 

Special  forms  of  Mercury  Thermometers. — In  the  Maximum 
*•  hermometer,  above  the  column  of  mercury,  a  small  bubble  of  air  is  intro- 
«Aaced  ;  above  this  a  little  thread  of  mercury.  "When  the  temperature  rises, 
&-)ie  air  is  compressed,  tin-  thread  is  pushed  upwards  ;  when  the  temperature 
■  anil*  back,  the  thread  of  mercury  does  not  return. 

The  hermometer   is  usually  a  spirit  thermometer  with 

f^-     little  broad-headed  piece  of  wire  loosely  fitting  in  the  spirit.     It  is  ad- 

J  tasted   with    its    head   touching    the    surface   of   the    thermometric    liquid. 

^n»en  Ibi  tntracts,  surface-tension  drags  the  wire,  with  it  ;  when  the 

^"snperature  rises,  the  liquid  passes  the  wire  without  forcing  it  upwards  :  the 

^***«ition  of  the  end  of  the  wire  nearest  the  free  surface  indicates  the  lowest 

^▼el  to  which  the   surface   had  6uuk,  and   therefore   the   lowest  level  which 

***d  been  attained  since  the  lost  observation. 

In  M eta st.it  i,   thermometers  any  part  of  the  mercury  may  be  removed 

**om  the  column  and  shaken  aside  into  an  apical  cavity,  or  restored  in  whole 

n  part  to  the  main  thread  ;  the  thermometer,  a  very  delicate  one,  being 

thtu  competent  to  read  to  very  small  fractions  of  a  degree  at  any  part  of  the 

•"ale  chosen  at  will     See  Gscheidlen,  p.  84.     The  principle  of  overflow — 
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liquid  being  caused  to  expand  and  overflow,  or  vapour  (iodine,  mercury)  K 
boiled  out  of  a  heated  flask,  what  remains  being  weighed  when  cooled — is 
utilised  in  the  construction  oCboBM  pyrwmeteiu 

As  for  the  measurement  of  temperature  by  eltrctn.  itv,  that  will  I. 
plained  on  page  575. 

Calorimetry  or  the  quantitative  measurement  of  heat. 
— The  Calorie  (Ca)  is  the  amount  of  heat  required  to  raise  the 
temperature  of  1  kilo,  of  water  (or  1/x  kilos,  of  any  substance  whose 
specific  heat  is  x)  from  0°  C.  to  1°  C.  The  calorie  or  small 
calorie  (ca)  is  the  amount  of  heat  similarly  required  to  heat  one 
gramme  to  the  same  extent  OoDVfioSeilCG  rules  tin  ii 
between  these  units. 

1.  The  Method  of  Mixtures. — This  may  be  illustrated 
by  a  numerical  example.  How  many  calories  of  heat  does  a 
gramme  of  mercury  absorb  when  it  is  heated  from  0°  C.  to  1°  ('.  I 
— a  question  identical  with  an  enquiry  as  to  the  specific  heat  of 
mercury. 

One  gramme  of  mercury  at  100°  C.  and  one  of  water  at  0* 
I '.  are  mixed:  the  result  is  a  uniform  temperature  of  3°*194  C. 
The  water  has  gained  3'194  calories  ;  the.  mercury  has  lost  the 
same.  Mercury  on  losing  31 94  ca  per  gramme  is  cooled  through 
960,8  C. ;  cooling  through  1°  C.  involves  a  loss  of  *033  ca.  Dm 
specific  heat  of  mercury  is  thus  *033,  and  the  amount  of  heat 
contained  in  the  mass  of  mercury  mixed  with  the  water  was 
(373  X'033)  ca,  373  being  its  absolute  temperature  and  its  mass 
being  unity. 

A  modification  of  this  method  is  that  of  Fig.  141.  A  globe 
filled  with  mercury :   the  free  surface  of  the  mercury  at 


Flff.141. 


screw  s,  which  alters  the  position  of  the  surface  a  so  as  to  br  ■  ■ 
to  the  zero  of  a  scale  marked  on  the  horizontal  tube  ah;  th>. 
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substance,  introduced  iuto  a  depression  at  o,  heats  the  mercury, 
expands  it,  and  causes  the  capillar}'  surface  a  to  assume  a  n 
position. 

Otherwise,  instead  of  observing  the  direct  expansion  of  the 
tluid  heated,  its  temperature  may  be  taken  by  a  thermometer. 

Dulong's  water  calorimeter  is  of  this  kind :  a  copper 
chamber  containing  a  living  animal  supplied  with  air  by  afferent 
and  efferent  pipes :  round  this  a  water-jacket,  the  water  in  which 
assumes  a  certain  observed  temperature.  The  number  of  calories 
taken  up  by  the  water  and  by  the  copper  or  other  vessels  (con- 
sidered as  equivalent  to  x  times  their  mass  in  water,  x  being  their 
specific  heat)  is  found,  and  that  amount  thus  measured  is  the 
amount  of  heat  given  out  by  the  enclosed  animal 

-.  Latent  heat  methods.— The  amount  of  heat  of  a  hot 
body  may  be  measured  by  the  amount  of  ice  melted  by  it — this 
being  ascertained  roughly  (Lavoisier  and  Laplace)  by  the  amount 

water  which  trickles  from  ice  amid  which  the  hot  body 
thrust;  or,  bettor  (Sir  J,  llerschel  and  Bunsen),  by  observing 
the  actual  decrease  in  volume  of  a  mixed  mass  of  ice  and  water 
when  some  of  the  ice  is  melted  ;  OT  by  the  amount  of  liquid — 
water,  ether,  acetic  aldehyde— which  the  heat  of  a  hot  body  (or 
living  animal — Rosenthal,  Arch,  f.  Anal,  und  Physiol.,  1878)  can 
evaporate. 


Transference  of  Heat. 

When  two  masses  or  parts  of  the  same  mass  are  in  contact, 
the  ar  agitation  of  each  is  in  part  communicated  to  the 

•  v  he  equally  hot,  each  receives  as  mnofa  beat  as  it 
gives  up :  if  they  be  not  equally  hot,  that  which  has  the  more 
molecular  energy  loses  more  than  it  receives,  while  the  other,  the 
colder,  gains  more  heat  than  it  loses.  The  flow  in  one  direction 
thus  overpowers  that  in  the  other,  and,  on  the  whole,  heat  is 
transferred  from  the  hotter  mass  to  the  colder. 

Wt  regard  in  general  only  the  difference,  and  not  the  -  omraon  part;  the 
rarplun  which  Aowh  from  the  hotter  and  not  the  compensated  and  non-apparent 
from  the  colder  body. 

I    is  tendency  is  universal.     Heat  always  tends  to  pass  on 
the  whole  from  hotter  to  colder  bodies,  and   If  these   be  in  con- 
tact, the  transference  is  effected  by  conduction;  whence  all  bodies 
some  degree  of  conductivity  or  power  of  transferring  heat 
through  their  substance. 
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When  two  points  in  a  substance  are  at  temperatures  con- 
stantly differing  by  St,  and  are  at  a  distance  d,  a  flow  of  heat  is 
set  up  between  them.  The  amount  of  heat  which  passes  from 
the  one  point  to  the  other  in  time  t  is  proportional  (1)  to  the 
length  of  time  during  which  the  flow  proceeds ;  (2)  to  hr,  the 
difference  of  temperatures;  and  (3)  it  is  inversely  proportional 
to  d,  the  distance  between  the  points. 

Otherwise,  the  flow/  ec  t.&rjd,  or  f=K.t.5r/d.  Here  K  is  a  coefficient, 
the  Coefficient  of  Conductivity,  ami  Srjd  represents  the  Fall  of  Temperature 
per  unit  of  distance,  the  Temperature-gradient. 

The  coefficient  of  conductivity  varies  from  substance  to 
substance,  being  greatest  in  the  metals ;  some  substances  permit 
a  rapid,  some  only  a  slow  transfer  of  heat ;  compare  a  horn  spoon 
and  a  silver  one  inserted  in  a  hot  liquid. 

If  the  one  point  be  maintained  at  the  temperature  T  and 
the  other  at  the  temperature  T/t  intermediate  points  have  temper- 
atures which  from  point  to  point  sink  uniformly  with  the  dis- 
tance from  the  hotter  point.  There  is  thus  set  up  a  condition  of 
Steady  Flow  of  Heat. 

Across  a  plate  of  thickness  d  whose  sides  are  maintained  at 
an  actual  and  constant  difference  (T  — T;),  the  flow  of  heat  per 
unit  of  area  will  jin  time  t  be  K.i.  (T  — T  )/«£;  across  area  A  the 
flow  will  be  KAJ.  (T— T,)/rf. 

This  is  t.KA  x  the  temperature-gradient 

If  a  bar  be  heated  at  one  extremity,  the  amount  of  heat 
which  will  arrive  at  a  sectional  area  a  given  distance  along  the 
bar  will  depend  upon  the  thickness  of  the  bar  and  its  proportional 
surface.  A  thin  iron  wire  may  be  melted  at  one  end  and  not 
have  its  temperature  raised  by  1°  C.  at  a  distance  of  6  feet ;  so 
much  heat  is  lost  on  the  way,  being  spent  in  warming  the  sur- 
rounding air  and  in  keeping  up  radiation  from  the  surface.  For 
the  same  reason,  the  most  volatile  oil  may  be  burned  in  a  lamp 
with  a  sufficiently  long  wick-tube. 

In  bars  of  different  thickness  the  distances  fir>m  the  heated  extremity  at 
which  the  same  temperature  can  be  kept  up  by  betting  the  extremity  of  the 
bars  to  the  same  temperature  are  to  one  another  as  the  square  roots  of  the 
thicknesses  ;  and  in  bars  of  the  same  thicknesses  but  of  different  Irngtha  the 
flow  of  heat  into  the  bar  varies  as  the  square  root  of  the  cube  of  the  length. 

A  hot  point  in  space  conceived  to  be  maintained  permanently  hot  will  be 
tli'-  rtiitrv  of  jv  flow  of  heat  symmetrical  in  all  directions.  The  points  in  the 
fturrounding  space  which  are  at  the  same  temperature  may  be  «  and 

found   to  lie   on  concentric  spheres,  or  spherical  Isothermal  Surfaces. 


XII!.] 


CONDUCTIVITY. 


375 


The  heat  travels  by  the  shortest  jiath  firm  one  surface  to  another,  by  Lines 
of  Propagation,  or  Lines  of  Flow,  at  ri^ht  angles  to  both  ;  ami  there  is  on 
the  whole  no  lateral  propagation  over  an  itoUltflOal  surface.  The  whole 
system  of  surfaces  and  lines  closely  resembles  a  system  of  MVipofeBItU  sur- 
i  and  lines  of  force.  The  difference  of  temperature  per  unit  of  distance 
long  the  lines  of  propagation  decrease*  with  the  distance,  being  proportional 
to  (1 /radius3).  The  greater  the  curvature  of  a  hot  body,  the  greater  will  be 
it*  lota  of  heat  by  conduction.  Hence  an  ellipsoidal  body  maintained  at  a 
uniform  temperature  loses  most  heat  where  the  curvature  is  greatest — a  pro- 
position closely  resembling  MM  in  the  theory  of  electricity. 

We  must  distinguish  a  Flow  of  Heat  from  a  Flow  of 
Temperature.  The  latter  depends  on  the  specific  heat;  and  if 
we  compare  the  passage  of  heat  through  two  substances  similarly 
heated,  we  find  that  even  though  the  one  substance  have  a  greater 
conductivity  than  the  other,  yet,  if  its  specific  heat  be  greater  in 
a  still  greater  proportion,  a  given  temperature  may  take  a  longer 
tirm*.  travelling  in  the  better  conductor,  to  reach  a  point  at  a 
iven  distance  from  the  source  of  heat,  than  it  does  in  the  worse 

ductor. 

Where  a  substance  is  not  physically  similar  in  all  directions, 
as  in  the  case  of  crystals,  the  conductivity  may  be  unequal  in 
three  directions.  Thus,  a  plate  cut  out  of  any  crystal  belon 
to  the  biaxial  system,  and  covered  with  a  film  of  wax,  will,  if 
heated  by  a  hot  wire  passed  through  its  centre,  so  conduct  the 
heat  that  the  wax  melts  not  in  a  uniform  circle — as  in  glass  or  a 

tal  of  the  regular  system  it  will  do — but  in  an  ellipse. 

Some  solids  are  extremely  bad  conductors  of  heat.  Down  is 
perha{»  the  worst  of  all  conductors ;  hare's  fur,  sand,  asbestos, 
are  examples  of  substances  within  which  warm  objects  may  be 
placed  and  remain  without  losing  their  heat  to  any  material  degree 
for  some  time.  Flannel,  cork,  etc.,  appear  warm  when  they  are 
touched  by  the  bare  skin,  because  they  carry  away  by  conduction 
leas  heat  than  the  air  had  been  removing  before  these  materials 
had  been  touched.  Wood  is  in  the  radial  direction  a  bad  con- 
ductor:   this  has  a  certain  effect  in  preserving  the  tree,  in  life. 

The  actual  amount  of  the  loss  of  heat  suffered  by  a  cooling 
bod  idfl  directly  on  the  effective  cooling  surface  :   whence  the 

natural  tendency  in  warm  weather  to  lie  at  full  length,  in  winter 
to  roll  the  body  up  into  small  compass. 

The  conductivity  of  the  akin  as  a  whole  is  greatly  diminished  by  *  lay  it 
of  fatty  tissue.     The  muscles  are  exceedingly  bad  conductors. 

When  a  hot  body  is  surrounded  by  one  or  man  concentric,  jackets  with 
layers  of  air  between  them,  thfl  loss  of  heat  tl  remurkaUy  diminished.  A 
•an;.  I   Linen  diminishes  the  loss  of  heat  from  the  human  body  by 
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about  two-thirds  ;  a  double  layer  effects  a  much  greater  economy  of  )<■ 
and  so  forth.      The   practice  in  cold    OOUBfcrJM  of  using  double  windows  pro- 
ceeds on   tin-  piiiniji].,  and    In- nee  alio   the  hygienic  advice  to   multi]>ly  the 
number  of  light  garments  in  cold  weather  rather  than  their  weight. 

The  conductivity  of  liquids  is  as  a  rule  greater  than  that  of 
gases,  which  in  the  form  of  true  conduction — as  distinguished 
from  convection — is  very  small. 

It  is  impossible  to  keep  the  hands  in  water  at  52°  0.,  while  it  i«  quit*.- 
possible,  as  observed  by  Banks,  to  remain  for  five  minutea  in  air  near  the 
hoilin^  point  of  water. 

When  a  hot  body  is  placed  in  air  it  sets  up  a  number  of 
Convection  currents.  Air  becomes  heated  and  rises,  carrying 
away  the  heat  of  the  hot  body:  colder  air  takes  its  plai 

Nuw ton's  law  of  cooling  in  a  current  of  air  is,  that  at  each  instant  the 
amount  of  heat  lost  varies  as  the  difference  of  temperature  1>< itwi  •  -n  the  nlid 
.ni'l  the  air.     This  law  seems  to  be  adhered  to  within  narrow  limits. 

In  an  undisturbed  atmosphere  the  law  of  cooling  by  convection  is,  that 
the  velocity  of  cooling  is  proportional  to  jft1'*0,  where  a  is  a  o  OMtmt  ;*45 
for  air),  p  the  pressure,  and  I  the  excess  of  temperature  (Dulong  and  1" 

In  hydrogen  the  process  of  cooling  is  very  rapid. 

The  carbonic  acid,  etc.,  of  the  atmosphere  an-  mixed  thoroughly 
and  equably,  not  by  diffusion,  which  would  take  several  hundred 
thousand  years  to  accomplish  the  task,  but  by  convection  currents. 

Convection  currents,  as  they  pass  colder  or  warmer  strata  of 
air,  exchange  molecules  with  them  by  diffusion ;  the  temperature 
of  the  whole  mass  thus  rapidly  becomes  uniform. 

Conwi  ti'ii  currents  muy  be  •Icuioiifctrated  by   throwing  some  cob H 
powder  into  cold  water  and  proceeding  to  heat  the  liquid  over  a  lamp  : 
looking  at  distant  objects  through  the  heated  gases  which  arise  from  n  heated 
boiler  or  wall :  the  rise  of  smoke  itself  is  an  example  of  solid  fNirticles  borne 
upward  by  convection  currents — particles  which,  when  the  ascending  air  has 
becoh  rain  fall,  and  may  aid  in  producing  fogs  by  tin-  condi 

of  water  around  UmBL 

Though  two  bodies  be  not  in  contact  with  one  another,  they 
may  yet  exchange  heat  across  the  intervening  space,  and  | 
hotter  body,  giving  out  more  heat  than  it  receives,  is  said  to 
radiate  heat  to  the  colder  body.  This  transfer  of  heat  is  effected 
by  means  of  the  ether  of  space,  and  we  shall,  in  the  meantime, 
defer  the  consideration  of  the  transfer  of  heat  by  radiation  until 
we  can  take  a  general  view  of  waves  in  the  Ether. 

Imhnig     I  found  th.it  iM-tween  0"  0.  and  200"  C,  the  amount  of 

radiation  is  proportional  n>  (1*0077*—  1),  where  t  is  the  excess  of  temper- 
ature above  the  surrounding  enclosure. 
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Transport  of  Heat  from  place  to  place  may  be  effected  by 
storing  up  work-energy  in  springs  which,  on  being  released,  set 
a  mechanism  at  work  which  evolves  heat  by  friction;  or  by 
storing  up  heat  as  "  latent  heat,"  or  raising  the  temperature  of  a 
substance  whose  specific  heat  is  high.  The  former  method  is 
not  effective,  because  so  large  a  number  of  units  of  work  correspond 
to  so  small  an  amount  of  heat;  the  latter  are  exemplified  in 
heating  by  hot  water  or  by  steam.  A  hot-water  bottle  contains 
several  calories  of  heat,  according  to  its  size  and  its  temperature ; 
these  can  be  liberated  by  conduction  at  any  desired  situation. 
Steam  at  100°  OL,  when  condensed,  liberates  at  the  point  of  con- 
densation 546  calories  of  heat  for  every  gramme  of  water  con 
densed,  and  can  still,  in  the  form  of  hot  water,  surrender  more 
heat  to  surrounding  objects  whose  temperatures  are  below  100°  C. 


CHAPTER   XIV. 

ON   SOUND. 

The  word  Sound  is  used  in  four  different  senses : — 

1.  The  physiological  sensation  perceived  by  means  of  the  car. 

2.  The  complex  harmonic  motion  of  sounding  bodies — the 
Fourier-motion,  the  periodic  or  vibratory  motion  of  elastic  masses 
whose  vibration  is  the  physical  cause  of  sound. 

I  The  disturbances  of  the  air  which  affect  the  ear.  "  Sounds," 
says  Newton  (Princip.  ii.  Prop.  L,  Prob.  xti  Schol.),  "since  they 
arise  in  tremulous  bodies,  are  no  other  than  waves  (pulsus)  pro- 
pagated in  the  air." 

4.  The  energy  of  a  sounding  body.  "Heat  converted  into 
Sound,"  etc.  It  is  better  in  this  sense  to  say  explicitly,  "  the 
Energy  of  Sound." 

A   sounding  body  is  a  vibrating  body. 

Cause  a  tuning-fork  to  sound  in  the  usual  way—  by  sti iking  it  on  the 
knee  or  drawing  ti  violin-bow  across  it,  or  by  forcing  a  atcel  rod  between  its 
prongs  and  drawing  it  through  the  point  of  the  fork.  Apply  the  point  of  the 
vibrating  tuning-fork  to  the  lips,  to  the  surface  of  water,  to  a  piece  of  glass. 
Bring  a  vibrating  tuning-fork  under  a  light  splinter  of  wood  lying  upon 
two  points  of  support ;  on  contact  the  light  body  will  be  hurled  upwards. 
Cautiously  bring  a  vibrating  tuning-fork  or  bell  into  contact  with  a  pith-boll 
suspended  by  a  thread. 

Pluck  one  of  the  strings  of  a  violin  :  look  at  it  as  it  vibrates :  touch  it. 
Look  at  a  harmonium  or  concertina  reed  while  it  is  in  action. 

Observe  the  dJ  mor  caused  by  a  large  organ  pipe  while  sounding, 

or  evii  bj  a  large  drum. 

Relatively  deep,  grave  sounds  are  produced  by  slower 
vibrations;  higher,  shriller  sounds  by  more  rapid  vibrations. 

Take  a  long  strip  of  iron — say  a  strip  4  feet  long  ;  fix  it  in  a  vice  ;  pull 
it  aside  and  let  it  go  ;  it  will  oscillate  transversely  at  a  rate  such  that  the 
oscillations  can  be  counted  ;  remove  it,  and  refix  it  so  that  only  2  feet  1 4 
ore  now  free  to  move  ; — it  will  now  oscillate  four  timet  as  frequently  :  1  frx.t 
free— sixteen  times  as  frequently  aa  at  first ;  6  inches  free — sixty-four  times 
as  frequently,  and  so  on.    The  oscillations  now  become  so  rapid,  the  number 
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of  them  in  a  second  (i.e.,  their  frequency)  becomes  so  great,  that  they  can  no 
longer  be  counted  directly  ;  now  we  hear  a  sound  ;  the  shorter  tin*  vibrating 
part,  the  more  rapid  become  the  vibrations,  the  shriller  the  sound. 

The  transmission  of  sound  from  a  vibrating  body  to  the  ear 
involves,  as  a  rule,  the  formation  of  sound-waves  in  the  air. 

This  may  be  rendered  impossible,  e.g.,  where  the  sounding 
body- — a  bell  suspended  or  placed  upon  wadding  within  the  bell 
of  an  air-pump  from  which  the  air  is  exhausted — has  no  contact 
with  air,  and  therefore  no  means  of  transferring  its  own  vibration 
to  air ;  in  such  a  case  the  ear  perceives  no  sound,  even  though  the 
bell  be  struck,  for  there  are  no  air- waves  set  up. 

I'.ut  it  may  be  impossible  for  another  reason.  Air  will  not 
oscillate  in  waves  such  as  can  be  propagated  to  a  distance,  unless 
there  be  some  well-murked  compression  or  rarefaction  produ 
at  the  centre  of  disturbance.  Take  as  extreme  instances  of  sound 
produced  by  well-marked  compressions  or  rarefactious  the  effect 
of  the  discharge  of  a  cannon,  which  abruptly  adds  a  mass  of  gas 
to  the  already-present  atmosphere,  and  thereby  produces  great  and 
sudden  compression ;  or  the  rarefaction  produced  by  the  sudden 
collapse  of  a  weak  boiler  when  the  steam  contained  in  it  has 
cooled  down.  Thus  a  vibrating  body,  before  it  can  act  as  a 
sounding  body,  must  produce  alternate  compressions  and  rarefac- 
tions in  the  air,  and  these  must  be  well  marked.  If,  however, 
the  vibrating  body  be  so  small  that  at  each  oscillation  the  sur- 
rounding air  has  time  to  flow  round  it,  there  is  at  every 
oscillation  a  local  rearrangement — a  local  flow  and  reflow — of  the 
air,  but  the  air  at  a  little  distance  is  almost  wholly  unaffected  by 
this.  The  same  result  follows  if  the  medium  surrounding  the 
rating  body  be  rare — e.g.,  hydrogen — or  rarefied — e.g.,  rarefied 
air  ;  then,  on  account  of  the  small  inertia  of  the  medium,  it  ifl 
easily  induced  to  flow  round  the  vibrating  body ;  in  such  cases 
there  is  but  little  wave-motion  caused  at  any  distance,  and  thus 
there  is  but  little  sound  produced. 

A  string  stretched  between  two  points  of  a  rigid  and  massive  framework 
produces  surprisingly  little  sound  when  caused  to  vibrate  :  it  does  not  act 
upon  the  air  o;  I  tan  by  setting  up  local  flow  and  reflow.    If  the  same 

itring  be  stretched  over  bridges  upon  a  w aiinlin^-Winl,  the  string  gives  at 
each  oscillation  an  impulse  to  the  sounding-board  which  causes  it  to  yield 
■lightly  ;  and  thus  the  string  causes  the  sounding-board  to  vibrate.  But 
though  the  amplitude  of  its  vibration  U  small,  the  sounding-board  is  broad, 
and  t  nut,  l.v  Bowing  round  its  edge,  evade  compression  and  rarefac- 

j  the  air  is,  accordingly,  alternately  compressed  and  rarefied,  and  thus  a 
■yak  tt  i*  effectively  set  up  in  it.     Thus  the  loudness  of  the  sound 

produced  by  a  itring  may,  by  the  use  of  a  sounding-board,  be  multiplied 
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many  thousandfold.  A  similar  exixrirnent  may  be  performed  with  a  vibrating 
timing-fork  suspended  in  the  air  by  a  string,  and  the  *inn-  f.rk  vibrating 
wliilt-  its  shank  is  pressed  against  the  panel  of  a  doofe 

In  these  coiee  the  energy  of  vibration  <>\  t lie  string  or  tuning-fork  is  very 
much  more  rapidly  dissipated,  while  the  large  -  surfaced  Bounding -board  is 
enabled  to  produce  an  iutenser  or  louder  sound  than  is  produced  when  tin 
Bfelng  or  the  fork  vibrates  alone  ;  and  the  vibration  sooner  comes  to  an  end. 

The  ^making-trumpet,  is  in  part  an  application  of  the  *ame  principle. 
Instead  of  a  comparatively  email  surface,  the  oral  aperture,  being  the  source 
of  sound,  the  much  broader  aperture  of  the  trumpet  is  )>ra«-tifjill_v  converted 
into  the  source,  and  the  broad  sound-wave*  tin  hip  taring  m  only  slightly 
VBaklBnfld  at  tln-ir  origin  by  lateral  flow. 

As  a  general  rule  it  is  therefore  advisable,  when  sound  is  to 
be  heard  at  a  distance,  to  make  the  sources  of  sound  of  the  largest 
size  convenient.  Srnallness  of  size  may,  however,  be  compensated 
by  quickness  of  vibration. 

Thus  the  chirp  of  certain  insects  is  produced  by  such  extremely  rapid 
movements — as  many  as  12,000  to-and-fro  vibrations  per  second — that  the 

i-  alternately  compressed  and  rarefied  on  each  side  of  tin:  wingi  U  Kfl  the 
neighbourhood  of  the  stridulating  organs,  without  having  time  to  flow  round 
them. 

Characteristics  of  Sounds. — The  Fourier-motions  which 
produce  sounds  differ  amongst  themselves  in  their 

(a.)   Frequency  —  the  number  per  second   of   the   slow 
component-oscillations. 

An  oscillation  is  a  complete  oscillation,  OHM  to-and-fro.    The  freq 
of  a  seconds  pendulum  is  £  ;  in  one  second  it  performs  half  u  •vnnplete  oscil- 
lation.    In  French  works  we  find  that  a  "vibration  simpU"  is  half  a  en 

:  i  ion,  a  swing  over  from  on  ;  end  i  eeeondi  pendnlnxn 

is  held  to  effect  such  "  vibrations  HmpUs  "  at  the  rate  of  one  per  second.  The 
reason  for  the  apparently  more  artificial  i  illation  hetra 

used  will  be  seen  on  considering  the  meaning  of  jmiod  in  S.H.M. ;  a  complete 
oscillation  restores  the  oscillating  body  to  Kb  starting  point. 

(b.)  They  differ  as  to  their  Energy.  Proportioned  to  the 
energy  are  the  Intensity  aud  the  Square  of  the  Amplitude. 

(c)  They  also  differ  as  to  the  Relative  Amplitudes  of  their 
Components. 

I  »f  these  three  particulars,  the  first,  the  frequency,  depends  on 
the  violating  body  itself,  its  form,  its  material,  etc.,  and  upon  its 
tension,  but  is  very  slightly  affected  by  its  viscosity ;  the  second 
(Is  entirely  on  external  causes;  the  third  depends  partly  on 
the  form,  the  tension,  the  rigidity,  etc.,  of  the  vibrating  body, 
partly  on  the  manner  in  which  it  is  set  in  motion. 

By  variations  in  these  particulars  an  infinite  variety  of  Four! 
motions  may  be  produced  in  vibrating  or  sounding  bol 
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a  natural  consequence  we  might  expect  to  find,  as  we  do  find,  an 
infinite  variety  of  musical  sounds  actually  occurring  in  nature. 

Musical  sounds  may  differ  from  one  another  in  three  correspond- 
ing respects,  viz. — Pitch,  Loudness,  and  Quality  or  Character. 

Pitch. — The  pitch  of  a  clear  musical  sound  depends  on  the 
Frequency  of  the  Fundamental  Vibration  of  the  sounding  body. 
Suppose  l  to  vibrato  harmonically,  and  its  component  vibra- 

tions to  occur  261,  522,  783,  1044,  etc.  times  per  second  :  then 
i  string  would  have  a  fundamental  vibration  whose  fre- 
quency  is   2o'l    par  second;   and  a  sound  of  this   fundamental 

frequency  is  recognised  by  our  musical  sense  as  the  note 


The  loudness  of  a  sound  increases  with  the  amplitude  of  oscilla- 
tion of  the  vibrating  body ;  if  two  strings,  otherwise  similar  and 
similarly  circumstanced,  oscillate  through  ranges  of  £  and  £  inch 
respectively,  the  latter  has  twice  the  amplitude  and  tends  to  pro- 
-?  four  times  as  much  sound  as  the  former :  the  loudness  or 
intensity  of  sound  being  among  sounds  of  the  same  pitch  propor- 
tional to  the  energy  of  vibration,  and  therefore  to  the  square  of 
the  amplitude.  Mark,  however,  that  the  relative  loudness  of 
different  sounds  as  perceived  by  the  ear  is  not  to  be  measured 
by  their  physical  intensity  or  the  square  of  the  amplitude  of  the 
vibrations  at   their  source,  for  the  car  is  not  necessarily,  and  is 

in  fact,  equally  sensitive  to  sound  of  every  pitch. 

Viscosity  of  a  sounding  body,  while  it  scarcely  affects  the 
pitch,  aids  in  causing  the  amplitude  of  the  vibration,  and  then  loir 
the  loudness  of  the  smind  produced,  gradually  to  dwindle  away. 

As  to  their  Quality  or  Character,  we  find  among  sounds  an 
infinite  variety.  We  can  distinguish  a  sound  produced  by  a  violin 
from  one  of  the  same  pitch  and  loudness  produced  by  a  clarionet, 
a  flute,  or  a  pianoforte;  we  can  distinguish  the  sound  of  a  viola 
an  that  of  a  violin;  one  violin  from  another;  one  player  from 
another  on  the  same  violin ;  one  person's  voice  from  thai 
another;  the  voice  of  the  same  person  in  different  moods  or 
states  of  health.  The  basis  of  all  this  variety  lies  in  the  endless 
differences  that  may  exist  between  Fourier-motions  which,  tin  > 

jree  as  to  the  frequency  of  their  fundamental  or  slowest 
Mponent  and  as  to  the  total  energy  involved  in  their  movement, 
do  not  necessarily  coincide  in  the  relative  amplitudes  of  theii 
component  harmonic  motions. 

But  if,  as  this  theory  indicates,  an  extended  series  of  com- 
[*>  us  go  to  make  up  the  aggregate  vibration  of  ■ 
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sounding  body,  ought  we  not  in  the  sound  produced  by  a 
sounding  body  to  hear  a  series  of  tones  corresponding  to  the 
series  of  vibrational  components  ?     If  a  string  produce  the  note 

corresponding  to  a  fundamental  vibration  whose  frequency 


is  261  per  second,  ought  we  not  at  the  same  time  to  hear  other 
sounds  corresponding  to  522,  to  783,  to  1044,  etc.  vibrations  per 
second  ?  The  reply  is  that  we  do  actually  hear  such  tones ;  but 
we  do  not  attend  to  them,  and  for  practical  purposes  we  are 
therefore  deaf  to  them.  We  are  accustomed  to  interpret  a  sound 
produced  by  a  single  sounding-body — the  voice  of  a  person,  for 
example — as  a  single  sound ;  from  earliest  infancy  we  unconsciously 
train  ourselves  to  listen  only  to  the  fundamental  tone  of  any 
single  note :  and  the  presence  of  the  other  tones  of  the  really  - 
compound  sound  produced  by  a  single  vibrating-body  has  the 
apparent  result  of  determining  the  Character  of  that  tone  to  which 
alone  we  consciously  listen.  In  many  cases,  when  we  listen  for 
the  higher  component  sounds,  knowing  what  to  listen  for,  we  can 
hear  them,  even  with  the  unaided  ear :  after  practice  the  ear 
acquires  the  power  of  recognising  the  presence  of  these  har- 
monics with  great  readiness — a  power  which  may  easily  become 
oppressive  to  its  possessor.  The  special  training  which  confers 
this  power  differs  only  in  degree  from  that  which  enables  one  to 
discriminate  the  different  noiis  which  make  up  a  chord,  sounded 
in  harmony;  for  to  the  untrained  ear  even  a  chord,  if  it  be  well 
in  tune,  seems  to  be  a  single  mass  of  sound- 
Noise. — If  all  the  keys  of  a  piano  within  the  compass  of 
one  or  two  octaves  be  simultaneously  struck,  the  result  is  a 
confused  jangle,  a  Noise.  Here  we  have  the  Superposi- 
tion of  Fourier-motions  resulting  in  an  apparently  irregular 
disturbance  of  the  air.  This  may  go  still  further ;  the  Fourier- 
motions,  which  are  superposed  on  one  another,  may  have  no 
relation  of  frequency  and  little  or  no  individual  persistence. 
The  more  markedly  this  is  the  case,  the  less  musical  will  be 
the  sound  produced,  and  the  more  markedly  will  it  bear  the 
character  of  noise.  The  general  hum  of  a  town  is  made  up  of 
sounds  and  cries,  each  of  which,  taken  singly,  may  perhaps  not  be 
unmusical ;  but  because  they  are  not  related  to  one  another  by 
any  simple  numerical  ratio  of  frequency,  they  together  produce  the 
disagreeable  effect  of  a  noise.  Noises,  then,  such  as  the  sound  of 
steam  escaping  from  a  boiler,  wind  rushing  through  trees,  the 
clatter  of  falling  objects,  and  so  forth,  may  be  considered  to  be 
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produced  by  the  superposition  of  a  number  of  distinct  musical 
sounds.  Some  of  these  may  predominate  in  intensity  and  in 
persistence;  and  thus  a  noise  may  have  a  distinguishable  pitch. 
We  may  recognise  differences  in  pitch  between  the  noises  pro- 
duced by  drawing  the  thumb-nail  at  various  speeds  over  the  cover 
of  a  book  bound  in  cloth,  by  blowing  across  the  mouth  of  keys  or 
tubes  or  flasks  of  various  sizes,  by  letting  boards  of  various  sizes 
fall  on  a  wooden  floor,  by  blowing  through  glass  tubes  on  which 
bulbs  of  various  sizes  have  been  blown,  and  so  forth.  Even 
where  the  original  disturbance  is  in  the  highest  degree  irregular, 
as  where  bricks  are  pitched  out  of  a  cart,  the  elasticity  of  the 
bricks,  small  though  it  be,  affects  the  pitch  of  the  noise  pro- 
duced, for  the  noise  produced  by  soft  porous  bricks  is  graver  than 
that  produced  by  hard  glazed-bricks  of  the  same  size. 

If  we  listen  to  a  continuous  noise  with  the  aid  of  a  resonator 
(p.  395)  tuned  to  some  particular  tone,  we  can  often  recognise 
Lhe  presence  of  that  tone  as  a  component  of  the  noise ;  the 
resonator  will,  if  it  be  present  as  a  component,  sound  it  forth — 
continuously  if  it  be  continuously  present ;  intermittently  if  it 
occur  at  intervals  only. 

Even  a  single  vibrating -body  may,  when  struck,  produce  a 
noise.  A  bell  is  not,  with  ease,  so  cast  as  to  be  perfectly  uniform  ; 
when  struck  it  tends,  if  not  quite  uniform,  to  divide  into  unequal 
sectors,  each  of  which  pulsates  at  its  own  rate ;  the  physical  re- 
sult is  a  number  of  simultaneous  vibrations  bearing  no  simple 
relation  to  one  another,  and  the  physiological  result  is  a  mixed 
sensation,  a  jangle,  a  kind  of  noise. 

Thus  sounds  originate  in  Fourier -motions  ;  a  musical  note 
in  a  single  Fourier-motion ;  a  noise  in  a  number  of  simultaneous 
Fourier-motions  whose  fundamental  frequencies  bear  to  one  an- 
other no  simple  numerical  relation ;  and,  as  we  shall  afterwards 
the  sensation  of  harmony  in  a  number  of  simultaneous 
Fourier -motions  whose  fundamental  frequencies  have  a  simple 
numerical  relation  to  one  another. 

The  simplest  possible  sound  would  be  one  produced  by  a 
vibration  in  which  the  Fourier-motion  was  represented  by  one 
component ;  such  a  sound  would  be  a  pure  Tone. 

The  pitch  of  the  sound  or  note  produced  by  a  vibrating  body 
is  the  pitch  of  the  gravest  component,  the  fundamental  Tone ; 
and  it  may  be  specified  in  two  ways : — 

(1.)  Physically,  by  stating  the  number  of  vibrations  per  second 
which  correspond  to  that  fundamental  tone; 
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(2.)  Musically,   by   referring  the  tone  to  its   place    in  ;m 
arbitrary  scale  of  pitch  in  conventional  use  among  musicians. 

To  find  the  frequency  of  vibration  corresponding  i  iven 

note: — As  the  note  in  question  let  us  take,  for  the  sake  of 
example,  that  produced  by  an  ordinary  "  A "  tuning-fork.  A 
card  or  strip  of  metal  is  placed  so  as  to  touch  at  one  end  the 
cogs  of  a  little  cog-wheel,  while  the  other  end  is  firmly  iixed  ;  the 
wheel  is  rotated  slowly — each  cog  makes  one  dick  ;  more  rapidly 
— the  clicks  blend  into  a  hum  ;  still  more  rapidly — the  hum  1 1 
in  pitch,  and  the  faster  the  rotation  the  shriller  becomes  the 
sound ;  at  a  certain  rate  of  rotation  the  sound  is  neither  graver 
nor  shriller  than  that  produced  by  the  tuning-fork  ;  this  rate  of 
rotation  is  such  that  the  card  is  struck  435  times  per  second  ; 
436  impulses  per  second  given  to  the  card,  and   by  the  card  i" 

the  air,  produce  the  sound  rfr^-,  "<V  =  435."     Higher  sounds 

are  due  to  more  rapid,  lower  sounds  to  slower,  vibrations  than 
this.     This  arrangement  is  known  as  Savart's  WheeL 

Another  contrivance,  devised  to  the  same  end,  is  the  Syren 
A  rotating  disc  is  pierced  by  holes  arranged  equidistantlv  i 

!•',  whose  centre  is  in  the  axis  of  rotation  of  the  disc.     A.  to 
briOgB  a  current  of  air  to  a  spot  near  the  disc  so  situated  that  in 
some  positions  of  the  disc  the  air  can  blow  clear  through  one  or 
other  of  the  holes,  while  in  others  the  current  of  air  is  aim 
off  by  the  disc  itself.     Rotate  the  disc;    the  current  of 
alternately  cut  off  by  the  disc  and  allowed  to  blow  through  it 
If  there  lie  87  holes  in  the  circle  of  holes,  and  if  the  disc  rotate 
five  times  per  second,  there  are  then  produced  435  puffs  .it' 
per  second,  and  the  note  "a"  is  heard:  its  quality  is,  hoWBT 
decidedly  inferior,  for  the  principal  sound  heard  is  the  noise  made 

I  be  current  of  air  when  it  strikes  the  disc.  If  the  current  be 
divided  by  87  pipes,  so  as  to  blow  through  the  87  holes  simul- 
taneously, and  to  be  simultaneously  cut  off  from  them  all, 
sound  is  very  much  clearer  and  louder  than  when  there  is  only  a 
single  stream  of  air  blowing  through  one  hole  at  a  time.  Instead 
of  87  pipes  issuing  from  a  wind-chest,  we  may  employ  a  wind- 

capped  by  a  fixed  disc  containing  87  holes,  arranged   in 
circle   like  that  of  the  rotating  disc:  the  rotating  disc  rot 
the  immediate  vicinity  of  the  lixed   one:  simultaneously  the  air 
rushes  through   all   the   apertures   of  the   rotating   disc,   simul- 
taneously it  is  cut  off  from  them  alL     The  number  87 
practice  never  used  j  some  such  number  as  24  or  48  is  chosen. 
Connected  with  the  rotating  disc  is  some  form  of  mechanism  for 


XIV.  1 


1'ITCII. 


385 


number  of  rotati  by  it  in  a  given  time; 

caused  to  rotate  at  such  a  speed  as  cause 

desired  Bound  to  be  produced:  the  number  of  apertures  in  the 

disc,  multiplied  by  the  number  of  rotations  per  second,  gives  the 

number  of  impulses  per  .second  in  the  air,  and  thus 

determines  the   frequency  uf  the   turn'   in   question      The 
under  W  well  as  it  does  in  air. 

The   experiment  already    descril  378   also  gives 

v  the    means   of  finding   the   frequency  of  any  given    note. 

rip  of   metal    is,   by   successive   trial,  carefully  with- 
[ntO   the  vice,  until  its  'hen  set  in  \ 

tion,   a  sound   of    precisely   the   some    pitch   as   the   tone   whose 

qui  o  be  determined.   Say  that  this  length  is  Linen;  and 

that  it"  30  incites  of  the  strip  be  free,  it  exeentes  29  complete 
per  minute.     The  number  of  oscillations  varies  in- 
rsely  as  the  square  of  the  length;  whence  (1  inch)*:  (30  Inehc 

LO  ions  per  minute,  435  pet  second. 

lU  another  method  of  determination  of  the  frequency  of 
vibration  of  sound  of  a  given  pitch  is  graphically  i 
actual  vihratious  of  the  Bounding  body.      A  tui  »k  has  a 

liti  i  hed   by  cement   to  one  of  its  promjfl     the 

t-xtremity   of    the    barb   is    brought    into   contact   with   slightly- 
smoked  paper  Bpread  over  the  Burma  of  a  oylinder,    The  cylinder 

the  point  of  the    barb   diaws   a  straight 

aon  paper.    The  fork  is  caused  to  vibrate ;  the  barb  now 

t  taecribes,  on  the  rotating  cylinder,  a  sinuous  Una  which  records 

t  lie  oscillations  of  the  tuning-fork.  An  independent  mechanism 
tUBui  be  made  to  mark  the  cylinder  once  even  second,  and  thus 
the  absolute  number  of  oscillations  made  by  the  tuning-fork  in 
t  lie  course  of  each  second  can  be  counted  on  the  permanent  record. 
VI  ie  same  principle  may  he  applied  to  many  forms  of  vibrating 
Wxly,  su> ■!■  ipe  of  metal,  membranes,  i 

Musical  Pitch. — The  arbitrary  scale  of  pitch  in  common  use, 

an«  white  keys  of  a  pianoforte,  is  the  following: — 

Thin  •  ■— Soboeoti 


f^nih      ui  . 

16 


A„ 
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Sixteen-foot  Octave— Contra  Octave. 


Four-foot  Octave— Little  Octave. 
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*N= 



w 

5^= 

=^ 

^=| 

=^= 

a 

—& — 

British 

c, 

D, 

Ei 

F, 

G, 

A, 

B. 

German 

c, 

Di 

mi0 

F, 

sol0 

A, 

H, 

French 

"to 

"•o 

fa0 

la0 

Slo 

No.  of  VI.) 

bratlona  J 
Ratio. 

32*625 

S6T03125 

40-78125 

43-5 

48-9375 

54-375 

61171876. 

32 

86         : 

40      : 

42-6 

:       48 

53 -S 

60. 

Eight 

•foot  Octave 

—Great  Octave. 

- 

==^r-===: 

~^ 

dp 

m     1 

British 

"J" 

D 

E 

F 

G 

A 

B 

German 

c 

D 

E 

F 

G 

A 

H 

French 

ut, 

re, 

mi, 

fa, 

sol, 

la, 

si, 

No.  of  VI-) 

65*25 

7340625 

81-5625 

87 

07875 

108-75 

122-34373. 

Ratios 

64 

:       72         : 

80 

85-8 

96 

106-6 

ISO. 

c 

No.  of  Vi- ).„,.. 
orations  I1805 
Ratios           128 

d 
re, 

146-8125 

e 
mi, 

163125 

f 

fa, 

174 

g 

sol, 

105-75 

a 
la, 

217-5 

b 

244-6875. 

144 

:       160 

170-6 

:        102 

213-8 

240. 

Two-foot  Octave— One-stroked  Octave. 


No.ofVi-1 

orations 
Ratios      '256 


■iuts 


d' 
re, 

293-625 
288 


C 

mi, 

326  25 
320 


f 

fa, 

348 
341-3 


g 

sol, 

391-5 
384 


a" 
la, 

435 
426-6 


b' 

489-375. 
480. 


One-foot  Octave — Two  stroked  Octave. 


c' 

ut4 

No.  of  VI.)  ^ 
braUoim  f  ^ 
Ratio*  612 


Six-inch  or  Three-stroked  Octave. 


Three-inch  or  Four-stroked  Octave. 


c.„      d.„      e...       f ,,      g,„     a,„      b,„      c,.„    j.n.     e„„    f...    g..,.     a..n    b..M    c 

ut5    re,    mi,    fa,  sol,    la,    si,    ut,    re,    mi,    fa,  sol,    la,    si,    utT 

No.  of) 

Vibra-V1044  1174-5  1305    1392    1566    1740    1957-5  2088    2349    2610    2784    3132    3480    3915  4176. 

tions   )  .  .  . 

Ratio*    1024: 1162: 1280: 1865-3: 1536: 1706-6: 1920:  2048:  2304  :  2560:2730-6: 3072: 3413-3: 3840:4096. 
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The  starting-point  of  this  notation  is  the  af  tuning-fork,  made 
to  vibrate  435  times  per  second,  or  the  second  string  of  the 
Violin,  made  to  vibrate  in  QZHMO  with  such  a  fork.  Under  this 
system  the  c"  tuning-fork  makes  522  complete  oscillations  per 
second.  This  is  entirely  a  matter  of  convention.  The  number 
435  was  chosen  by  the  Acadduiie  des  Sciences  of  Paris  ;  440  by 
the  German  Society  of  Nature-researchers  at  Stuttgart  in  1834; 
while  a  pitch  «'  =  42G'6  has  been  highly  recommended,  on  the 
ground  that  under  such  a  system  the  tones  C//t  Cr  C,  c,  c,  etc, 
are  produced  by  16,  •"»-,  <54,  128,  256,  etc.,  vibrations  per  second 
— an  arrangement  whieh  has  the  advantage  of  giving  very  simple 
numbers  to  deal  with,  but  which  has,  on  the  other  hand.  Lhe 
ical  disadvantage  of  giving  a  pitch  which  is  too  low  to  please 
instrumentalists,  and  the  didactic  disadvantage  of  tending  to  conceal 
lli»'  real  arbitrariness  of  the  convention  which  assigns  to  the  a'  or 
the  c"  fork  the  particular  number  of  vibrations  chosen  in  practice. 
In  practice  then  18,  indeed,  a  great  lack  of  agreement;  instrument- 
makers  are  constantly  raising  the  pitch  for  the  sake  of  increasing 
the   brilliancy  of  orchestral   music,  while   vocal  made   to 

sutler.      Modern  ooncert  pitch  has  thus  risen  as  high  as  a' =  460 
vibrations  per  second,  about   1 ,',   semitone  above  what   it  was  in 
England  in  the  time  of  Handel  (V  =  424),  while  the  01 
in  England  was.  in  the  middle  of  the  eighteenth  century,  as   low 
as  «'  =  388.     If  lard  Qnmber  of  vibrations  chosen  for  a' 

be  any  other  than  435.  tli  numbers  given  in  the 

table  mil  i    a  proportionate   increase   or  reduction.     The 

accuracy  of  such  a  scale  depends  not  upon  precision  of  absolute 
numbers  of  vibrations  bo  much  as  upon  correctness  of  the  i. 

^of  the  several  numbers  to  one  another. 
The  successive  tones  of  the  scale  of  C  are  related  to  one  an- 
other, with  respect  to  their  frequency,  in  the  following  manner : — 
J 


I 

2M 

I 


-rr- 

r 
6 


n 
aw 


f 

Ml  8 

I 


Here  C  (/  =  25<3)  tfl  a  keynote,  and  upon  it  we  have  raised  a 
diatonic  major  scale,  d     r     m     f    s     1     t     d'. 

Such  a  Bcale  is  found  by  experience  to  be  satisfying  to  the 
ears  of  the  Western  nations  ;  and  whatever  tone  be  chosen  as  the 
keynote,  there  can  always  be  sung  or  played  on  instruments  of 
the   violin  or  of  the    trombone   class   a   scale  of  this  kind,  in 
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which  the  intervals  are  felt  to  be  pleasing  and  in  tune,  in  which 
i  intonation  is  felt  to  be  just,  ami  in  which  each  tune,  when 
it  is  carefully  listened  to  while  the  keynote  is  borne  in  mind,  i^ 
felt  to  have  its  own  peculiar  mental  effect,  this  depending  on  its 
relative  place  in  iho  scale,  and  not  on  its  absolute  vibraLion.il 
frequency.  Singers  who  have  sung  much  together,  string  players 
who  have  practised  together  without  pianoforte  accompaniment, 
naturally  use  the  tones  of  such  a  scale,  without  knowing  or 
caring  what  the  numerical  ratio  of  the  frequencies  of  the  various 
tones  of  the  scale  may  be. 

Intervals. — We    may    now    identify    tint    various   intervals 
occurring  within  the  diatonic  scale — 


Minor  second,  "  semitone  "  m  :  f  or  t  :  d1 

Grave  major-second 

Major  second 

Grave    (or    Pythagorean) 

minor-third. 
Minor  third 
Major  thin! 

i ih        .         .  d  :  f. 
Acute  fourth 
Augmented  fourth 
Grave  fifth 
Fifth 

Minor  sixth 
Major  sixth 
Acute  major-sixth 
Grave  minor-seventh 
Minor  seventh     . 
Seventh 
Octave 


r  :  m 

or  g  :  1 
f:g, 

. 

d:r, 

l:t    . 

r:f 

. 

#         , 

m  :  s 

or  1 : d' 

. 

d  :  m. 

f:l 

a:t . 

r:  s, 

m:l, 

•  :d\ 

l:r' 

. 

. 

f:t 

. 

r:l 

. 

(I  :  s 

m :  t, 

f:d' 

t,:s, 

m:d' 

ut 

d:l, 

r:t, 

s:m' 

f:rl 

. 

. 

r:d\ 

isf. 

t:l' 

m:r' 

!:■' 

. 

d    t 

f:m' 

.                 . 

d:d' 

tW 

etc.   . 

15:16 
9  :  10 
8:  9 


t:m' 


L'7 

4 
3 

20 


32 
6 
5 

4 
L'7 


32  :  45 

27:40 


5 
3 

16 
9 
5 
8 

1 


8 

16 

9 

15 

2 


Musical  intervals  are  equal  to  one  another  when   the   I 
stitin-nt  notes  in  each  have  the  same  relative   frequency.     Thus 
d  :s  :  :  1  :%,  and  m  :  t  :  :f  :  ^  ;  the  ratio  of  1  to  sal  le 

that  of  £  to  Vs — that  is  it  is  2  :  3  ;   whence  the  musical  inr 
between  d  ami  8  is  equal  to  that  between  m  and  t. 

Transition. — Any  tone  may  be  chosen  as  a  keynote.      Let 
us  choose  y'  =  384    as   our   keynote,  and  then  compare  the  tones 
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380 


of   the   scale   of   the   key  of  G   with   those  of  the  scale  of  C. 
Retaining  the  same  ratios,  the  scale  of  G  is 


d 

:     r     : 

m 

:     f 

8 

1     :     t     :    d'. 

1 

■  4 

. 

| 

t    =   V  ■    2. 

384 

:432: 

480 

:512 

57€ 

:  640:  720:  768. 

Lptting  the  two  scales  we  find  : — 


e'   d'  e'   f 


Scale  of  C  f  Key  C"). 
a'  1/       c*       <r 


r        g',  etc 
384  :  426-6  :  480  :  51  2  :  B7«  :  640  :  6826  :  768. 

Scale  of  G  ("Key  G"). 
384:  432   :  480 : 512  :  576  :  640 :   720    :  768. 

The  tones  agree  with  the  exception  of  the  «'s  and  the/'s.  The 
a!  of  the  scale  of  C  and  the  af  of  the  scale  of  G  differ  from  one 
another  in  the  ratio  of  42  60  :  432,  or  80  :  81.  The  two  tones 
are  perfectly  distinct,  and  an  ear  that  has  become  accustomed  to 
the  pure  scale  of  0  is  pained,  especially  in  harmony,  by  the  sub- 
stitution, fur  the  proper  "'  iii  that  scale,  of  the  slightly  sharper  a! 
which  belongs  to  Key  G.  The  difference  between  the  two  tones 
is  called  a  Comma;  and  they  maybe  respectively  written  a' mi' I 
The  f  of  Ke;.  I  i  i  the  corresponding  tone  in  the  scale  of 
tiffer  more  widely  from  one  another;  their  frequency-ratio  is 
G82'6  :  720,  and  the  interval  l»etween  them,  •}-§§,  is  sometimes 
called  a  semii 

In  order  to  play  in  correct  tune  music  written  in  Key  G  as 
well  as  music  written  in  Key  C,  we  would  require  not  only  the 
tones  of  the  Key  of  C,  but  also  two  additional  tones  in  inch 
«^ctave.     Every  transition  from  cms  Key  to  another  "more  remote 

i  '  the  Key  of  0  mnltipliea  the  demand  for  new  tones;  and 
that  to  an  extent  twice  as  great  as  the   current   notation,  which 

ects  differences  of  a  comma,  would  seem  to  indicate. 

In  the  table,  pages  390  and  391,  are  given  the  tones  of  the 
scale  of  (.',  together  with  a  number  of  tones  derived  from  selected 
The  relative,  not  the  absolute,  number  of  vibrations  has 
been  shown  in  each  case. 

If   a    Bin  Old    upon    to    produce  a   note  of   324    | 

per    second,  the    feat   would    be    inipoa*ihli\       This    number  ia,  howi'Vt-r, 
1*265625  x  256  ;  and  bailee  it  >'  have  256  vibration*  jpttT  second,  tin-  D 

■  i  i-  the  re  of  K»-y  D.     A  tuning-fork  e  =  256  is  act  in  \  il>r.iti.»it ; 
all  the  uoU*  of  the  fork  do;  rung  do,  re;  fix  the  attention  on  re  (•/');  call  it 
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elicit!  jJfgfng  jt.-.  pitcb  :  dwell  on  it  u  lAOIBBDt  ;  0MB   ftfog  lOBM  such 
phra*c  as  ///>,  >ni}  *»l,  do,  mi,  re,  th  ;  ami  the  desired  n<>te.  i 

by  n    comma   from   >•',  ;  i  i    Key  C,  hu»   been    pfodoosd,  1 1 » ' ■    MOM   "f 

tonality  Mini  k.-v -r«l.ition-liij»  having  utrried  tin-  linger  into  the  correct 
MNUld. 

The  column  "  Logarithmic  inarements "  contains  figures 

which  measure  the  intervals  between  the  successive  tone9  ;  for  it 
gives  the  logarithms  of  tire  frequency  n   io    between  each  tone 

its  predecessoi  :  and  the  aiosl  convenient  naethod  of  oompaxiiig 

i  alios  ia  to  compare  their  logarithms.  When  the  logs,  are  eq\iul 
the  ratios  are  equal ;  when  1. 1 1 « *  ratios  are  equal  the  intervals  are 
equal.  Thus  the  intervals  between  C  ami  CJ,  D?  ami  M),  Kl)  ami 
*D#,  1)  and  1 $  Bfc  and  E,  E  and  K£  8"  ami  1%  'F  and  'FS.  \V->  and 
N:.  Qfc  and  G,G  ami  G|  Ab  and  A,  A  and  A|  'A  and  'At,  *B> 
and  vl'.,  Bfe  and  B,  15  and  Bg,  are  all  equal,  being  measured  in  that 
column  by  the  Logarithm  "0177288,  which  is 
£|.     Again  we  find  a  Dumber  i   intervale  whose  Log  is 

•00o30"),  ami  wl  i  •  is  J/,  :   these  are  C  and  V,  (<  ami  '<  '5. 

sDb  Hid  Dfc  v1>  and  D,  vl>?  and    D$  'E?  and  K?,  E   ami  'K.  1" 

'F.  ri  and  'Jt  v"  :11"1  (;"-v<;  nn'1  ,;-(:  «nd  'G,  *Gfand  Ol 

\\?  and  A*(  A  and  'A,  A?  and  'Afc  xBb  and  ft,  lB  and  P.,  I',  ami 
'Ii,  V  and  c.      Between  these  tin*  Interval  is  a  Comma. 

The  scale  may  to   be  roughly  divisible  into  5 

or  divisions;  but  these  are  not  equal  bo  one  another]  if  they  wi 

equal  the  logaritlims  would  at  each  step  acquire  an  equal  incre- 
ment, for  tlw  ratio  between  each  tone  and  its  predecessor  would 
be  equal  throughout  the  scale.  Roughly  and  for  diagrammatic 
purposes  it  is,  however,  Convenient  to  represent  the  interval  be- 
tween 0  and  ])  by  9  steps,  while  that  between  D  and  F'  Eb 
resented  by  8:  and  the  table  is  so  arranged.  A  thoroughly 
accurate  table  of  this  kind  would   be  red  on  tin  I 

inteivals  between  any  two  tones  in  column  3  being  made  directly 
proportional  to  the  log.  increment  between  them. 

Tin  ils   marked    Pythagorean    in    the    table   are    t 

derived: — Start   from  o  and  go   onward 

",  7.",    going  downwards  we  arrive  at  F,  lB^  M:^,  \\-»  . 

The  following  exercises  will  perluqxi  aid  the  reader  : — 

(a)  If  the  violin  08  taned  flS    cj    ■.  to  correct  fifths,  starting  with   a  ; 

show  that  these  notes  ore  respectively  e",  a\  'it',  './. 

(h)  The  scale  of  "  U?  major  ed   by  transition  from  the  k. 

C  to  that  of  F,  and  from  that  of  F  to  that  of  11%     The  M 
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ha*  g  »  la,  and  thiiH  do  — lb.    Show  that  the  respective  deteending  scales 


t       1       a       f 
*,    fc     /»     ^i 


1 


9 


if,      V,       ty,     'A,    O,  ,)„! 
m      r       d        t     1, .  .  J 


'(;  minor." 


The  columns  in  the  table,  page  390,  beaded  "  Equally-tempered 

Scale,"  show  the  nature  of  the  system  of  Equal  Temperate- 

which  is  as  nearly  as  practicable   applied   to   the  pianoforte  and 

organ.      The  intervals  arc   equal  ;  the  ratio   between  a   tone  and 

its  ;  nor  and  successor  is  in  every  case  the  same;  Letw 

each  pair  of   tones    the  logarithmic   Increment  is  equal:    it  is 

lofl  2      '301300 
5-    - — — — zz  -0260588.     The  result  differs  widely  from 

pure  intonation  ;  hut  we are  accustomed  to  it.     On  a  pianoforte 
ially  tempered    the   fifths   are    not   appreciably  out  of  tunc, 
though  they  arc  a  little  fiat:  but  the  thirds,  three  of  which  are 
•••ed  to  make   an   octave   instead  of  extending  only  from  0  t«» 
Un>  sharp;  and  though  this  be  not  off  □  the  piano- 

to  whi<li  indeed  their  sharpie    -  Lends  somewhat  of  brilliant  v 
yet  in  alow  sustained  harmony  these  sharp  thirds  are  really 
eonlant,  as  may  be  well  heard  on  a  loud  harmonium  timed  IB  the 
usual  manner,  and  on  which  thirds  alone  ate  played. 

Loudness. — The  physical  Intensity  of  a  sound  depends  initi- 
ally on  the  square  of  the  amplitude  of  the  vibration  of  the 
sounding  body ;  hut  the  corresponding  sensation  of  loudness 
depends  not  only  upon  peculiarities  of  sensitiveness  of  the  ear, 
but  also  on  the  amount  of  physical  disturbance  of  its  drum,  and 
if  the  sound  be  conducted  to  the  ear  by  the  air,  it  depends  on 
the  intensity  of  vibration  of  the  air  near  the  ear;  and  this  varies 
not  only  (1)  as  the  square  of  the  amplitude  of  the  original  vibra- 
tion, but  also,  in  the  open  air,  (2)  inversely  as  the  square  of  the 
tance  of  the  sounding  object. 

T<»  compare  tlie  relative  loudnesses  of  two  sounds  of  nearly  the  same  \< 
•p\n<  ies  at  such  distances  that  they  bsswim  j'lwt  man-liMc, 

:  say  that  the  one  becomes  inaudible  at  10,  the  other  at  5ot 
yard  *  "1  the  one  at  50  yards'  distance  is  at  the 

miIl:  at  10  yards:  their  initial  intenajtfes  matt  he  at  10* :  50*, 
25. 

If  the  sound  be  not  propagated  in  free  air,  but  be  confined  in 
B  tube,  the  loudness  of  sound  may  diminish  at  a  much  less  i 
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for  ultimately  the  waves  become  plane-fronted,  and  move  down 
the  tube  without  any  loss  of  intensity  other  than  what  is  due  to 
such  loss  of  energy  as  is  brought  about  by  friction  against  the 
sides  of  the  tube  or  by  the  viscosity  of  the  air  itself. 

Hence  sounds  can  be  carried  along  sewers,  speaking-tubes, 
etc.,  to  great  distances  without  great  diminution  of  brads 

Similarly,  if  sound  be  propagated  by  parallel  or  convergent 
wares  In  the  air,  as  when  it  issues  from  a  wide  aperture,  or  after 
nftarfon  from  a  curved  surface,  it  may  lose  little  of  its  intensity, 
or  may  even  concentrate  its  intensity  on  some  particular  place. 

The  loudness  of  a  sound  also  depends,  if  it  be  conveyed  by 
a  gaseous  medium,  on  the  density  of  that  medium  at  the  place 
where  the  vibration  is  imparted  to  it  The  deuser  the  medium 
the  greater  its  inertia,  and  the  more  readily  it  is  compressed 
against  itself:  the  greater  the  compression,  the  greater  the  amount 
of  energy  imparted  to  the  medium,  and  the  louder  the  sound 
produced.  A  body  vibrating  in  vacuo  produces  no  sound:  in 
rarefied  air  or  hydrogen,  or  any  other  rare  or  rarefied  gas,  it 
produces  a  comparatively  feeble  sound ;  in  carbonic  acid  it  pro- 
duces a  louder  sound  than  in  air.  A  cannon  fired  on  a  mountain- 
top  produces  little  sound ;  one  fired  beneath  is  heard  distinctly 
and  loudly  from  a  balloon,  even  at  a  great  height. 

Concentration  of  sound-waves  renders  sounds  louder,  as  in 
ear-trumpets  and  in  those  stethoscopes  the  auditory  extremity  of 
which  fits  into  the  ear. 

Quality  of  Sound. — If  a  body  vibrate  so  as  to  produce  a 
sound  of  thr  fundamental  pitch  C  =  64,  and  if  all  the  harmonics 
be  present,  the  series  is  the  following: — 


2.   3.   4.   5.   6.   7.   8.   9.   10.  11. 

128  192  256  320  3S4  418  512  576  640  704 

c      g       J       4      g'    b$-   <T     <r      r"     f  + 


12.  13.  14.  15,  etr, 
768  832  896  960. 


These  are  all  tones  of  the  scale  of  C,  with  the  exception  of 
the  7th  ami  its  octavo  the  1 4th,  the  llth  and  the  13th.  The 
7th  and  14th  correspond  to  a  very  fiat  B  of  112  vibrations, 
lying  between  A£  end  'A2;  the  llth  to  a  sharp  F  of  88  vibra- 
tions, lying  between  'F  and  F£;  the  13th  to  a  fiat  A,  ly 
between  Ab  and  A. 

Analysis  of  a  sound  into  its  components  may  be  effected 
by  several  methods,  of  which  we  shall  first  consider  one  due  to 
Prof.  Mayer.  As  our  example  we  take  the  sound  produced  by  a 
vibrating  organ-reed-pipe,  a  sound  which  we  recognise  as  peculiar 
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and  characteristic.  We  are  provided  with  a  set  of  tuning-forks, 
one  of  which  vibrates  in  exact  unison  with  the  fundamental  tone 
of  the  organ-pipe,  and  the  rest  of  which  respectively  vibrate  2,  3, 
4,  5,  etc.  times  as  rapidly.  As  to  the  organ-pipe,  a  part  of  its 
wall  has  been  replaced  by  a  piece  of  inelastic  thin  mor< 
leather,  or  some  similar  substance,  which  vibrates  exactly  as  the 
air  within  the  pipe  does.  To  one  point  of  this  is  attached  a 
bundle  of  silkworm -cocoon -threads,  40  inches  or  so  in  length: 
each  of  these  is  attached  to  one  of  the  tuning-forks  and  tightened 
somewhat.  The  organ-pipe  is  caused  to  sound;  the  leather 
vibrates  ;  the  silk  fibres  are  all  set  in  motion,  and  each  alterant 
tugs  and  releases  its  own  tuning-fork.  If  the  vibration  appropriate 
to  any  one  of  the  timing-forks  be  present  in  the  original  compound 
vibration,  the  corresponding  fork  is  set  in  motion :  if  it  be  not 

-ent,  that  fork  remains  silent :  if  the  vibration  be  ample,  the 
fork  sounds  out  loudly :  if  it  be  not,  the  sound  is  feeble.  This 
arrangement  analyses  the  sound  into  its  components,  for  it  can 
be  seen  which   of  the  tuning- forks   are  set  in  vibration  ;   and  if 

organ-pipe  cease  sounding,  the  forks  go  on  sounding  for  some 

■ ,  aii'l  by  their  joint  action  produce  a  compound  sound  closely 
resembling  the  sound  of  the  reed-pipe  which  had  been  the  means 
»>f  setting   them   in   vibration.      This  action   is   very  exact:    the 

litest  difference  between  the  natural  rate  of  any  tuning-fork  and 
th;r  corresponding  organ-pipe  vibration  causes  the  fork  to 

sound  with  comparative  feebleness,  or  not  bo  BOimd  at  all. 

Resonators  are  extensively  used  as  a  means  of  analysis  of 
sound.      A  resonator  consists  in  its   most  usual   form  of  a  bulb, 

•  rally  of  glass  or  of  brass,  with  a  large 
speitare,  a,  at  one  side  and  a  small  one,  6, 
at  the  other.  The  air  within  such  a  bulb 
has  a  natural  period  of  vibration  wbioh 
depends  upon  the  cubic  contents  of  the 
resonator  and  upon  the  size  of  the  orifices. 
This  period  can  be  found  by  the  pitch  of  the 
sound  produced  on  tapping  the  resonator 
with  a  soft  substance,  or  by  blowing  brief  blasts  of  air  across 
its  mouth.  If  the  air  convey  a  system  of  waves  which  agree 
in  period,  either  absolutely  or  approximately,  with  the  natural 
free  vibration  of  the  air  in  the  resonator,  the  air  in  the 
resonator  will  absorb  the  energy  of  those  waves,  will  be  set  in 
motion,  and  will  act  as  a  sounding  body,  If  we  l>e  provided 
with  a  set  of  such  resonators,  the  air  in  one  of  which  freely 
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vibrates  in  unison  with  an  ar  tuning-fork,  and  in  the  others 
respectively  2,  3,  4,  5,  6,  7,  etc.  times  as  rapidl}', — then,  on 
listening  to  an  ff  organ-n*od-pipe,  one  ear  being  closed  and  Eh* 
other  adapted  to  each  resonator  in  succession  (this  being  done  by 
fitting  the  nipple  b  of  the  resonator  (Kg,  142)  into  the  ear),  we 
9hall,  if  the  proper  sound  of  any  of  the  resonators  be  contained  in 
the  complex  sound  to  which  we  listen,  huar  that  resonator  loudly 
sing  out  its  proper  tone;  while,  if  it  be  not  present,  we  shall 
simply  hear  the  ordinary  sound  of  the  pipe  through  the  resonator, 
without  any  reinforcement.  And  further,  if  we  fill  our  ears  with 
the  sound  of  the  tone  thus  Bang  out  by  the  resonator,  ami 
remember  its  pitch,  we  shall,  when  the  note  is  again  Bounded  out 
by  the  organ-pipe,  have  no  difficulty,  even  without  a  resonator,  in 
hearing  the  harmonic  tone :  and  by  dint  of  practice  we  may  hear 
at  will,  or  even  independently  of  will,  many  if  not  all  of  those 
'•"Uipouent  harmonic  tones  which,  by  accompanying  that  fundu- 
imutal  tone  to  which  alone  in  ordinary  circumstances  we  are 
Ofitomed  to  listen,  help  to  make  up  the  note  of  the  organ-pi 

A   very  convenient   form   of  rwtftMitOT  may  In    made  of  •»  common  tall 
lamp  chimri'-v  ir  piece  of  tubing.     If  it  be  heM  vertical,  as  its  lower 

find  ia  immeraed  in  watt«r  to  various  «Uj»tli«  it-*  natural  pitch  varies  :  and  a 
tttbe  thus  gradually  lowered  into  water  i-  capable  of  resounding  in  succession 
to  the  dim- rent  harmonics  of  a  fundamental  note,  so  that  the  ear,  placed  B 
tlit.'  tube,  I'uit  recognise  their  several  presences.  In  Wintrieh's  resonator  an 
BpertllN  ll  the  -i'i--  may  be  closed  by  t,l i. -  Soger.  By  aid  of  the  same 
resonator  an  observer  is  thus  enabled  t<>  listen  alternately  to  the  grave-pitched 
musclc-souml  of  the  heart  and  to  the  sharper  valve-stretching  sound.  Sec 
i  i.llen,  I'Uytwl.  Mtthodik. 

"imtors  may  Ik-  otherwise  employed  If  the  small  apert 
b  be  stopped  with  wax,  and  if  the  resonator  be  brought  near  a 
sounding  body,  it  will  absorb  the  energy  of  any  vibration  corre- 
cmding  to  its  own  proper,  tone,  and  may  then  l>e  removed  and 
listened  to :  thus  each  one  of  a  set  of  resonators  may  be  made  to 
select  one  tone  out  of  the  group  of  tones  present  in  an  ordin 
ical  sound,  and  to  bring  it  to  the  ear  to  be  listened  to. 

A  resonator  and  a  sounding  body  to  which  it  is  in  response  seem  to  be 
mutually  repeOed,  la  comeqaanoi  of  the  stresses  set  up  in  the  intervening 
air  (Dtvfok). 

losonators  may  further  be  used  to  transfer  the  energy  whioh 
they  thus  take  up  to  relatively-massive  bodies  such  as  tuning- 
forks.      A  resonator  may  be  made  in  the  form  of  a  thin  wooden 

with  open  endfti  i  baring-fink  precisely  in  tune  with  it  is 
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fitted  on  its  uppei  ae;  a  sound  causes  the  air  in  the  box 

-rate,  the  air  acts  upon  the  box,  Bud  the  box  upon  the 
tuning-fork  J  if  all  be  in  exact  unison,  the  energy  nccimudaL.  - 
in  the  tuning-fork,  which  comes  to  vibrate  energetically  and  to 
produce  a  loud  sound. 

Again,  the  oscillation  of  the  air  in  a  resonator  may  be  rendered 
visible  by  the  following  device: — A  cavity  in  a  block  of  wood 
I  4,'.)  is  divided  into  two  parts  by  a  membrane,  such  as  thin 
goh                skin.    The  one                         Fi*.i«. 
moiety  ■ -ft  he  cavity  is  con-        ^ \  , K) 


d  with    the  • 
a  resonator:   the  oth 
connected  with   a  supply 
of  coal-gas  which  enters 

and    passee  "lit   at  C 
on   its   w.iy  to  be  burned  o*» 

■tthejel  !'.  Th is  contri vance  is  called  Koenig's  mauoruetrir 
capsule.  Wlieu  a  sound  is  produced  outside  F,  containing  as 
•  of  its  component  tones  tie-  proper  tune  of  the  resonator,  the 
air  in  the  resonator  oscillates  in  sympathy  with  that  component, 
the  din;  lb  it.  and  the  -!;iuie  at  D  is  rendered  alter- 

nately higher  ami  lower  by  the  action  of  the  vibrating  diaphragm 
on  the  stream  of  gas.  The  flame  obviously  alters  its  character; 
and  the  change  undergone  by  it  can  bt  Diking  at  it 

while  the  head  is  turned  rapidly  from  side  to  side,  the  eyes 
kept  fixed  relatively  to  the  head,  or  by  looking  at  the  flame 
through  an  opera-glass,  which  is  rapidly  moved  across  the  field  "i 
view,  or,  best  of  all,  by  looking  not  directly  at  the  flame  but  at 
its  image  in  a  rapidly-rotating  mirror:  in  which  eases  the  Ham.' 
[mage  appears  to  spread  not  into  a  uniform  band  of  light, 
hut  into  a  band  with  serrated  edges,  or  oven  into  a  chain  of 
bead-like  separate  images. 

A  sufficiently-extensive  set  of  resonators  would  thus  enable  D 
be  analysis  of  sounds  of  any  degree  of  complexity :  but 
resonators  do  nut  furnish  us  with  as  delicate  a  means  of  investi- 
gation as  the  means  first  described,  unless  indeed  they  be  each 
allied  with  a  tuning-fork  ;  they  respond  in  general  with  excess 
any  tone  in  the  proximity  of  their  natural  tone. 
Synthesis   of    Sound.  —  Helmholti    has   shown    that    any 
ty  of  sound  may  be  built  up   by  the  superposed  effect  Upon 
the   cur  of  simultaneously  sounding  tuning-forks  of   the   proper 
uuiii  h,  and  re  odnees. 
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Complex  Sound -Waves. — The  pitch,  the  loudness,  and  the 
quality  of  u  sound  may  be  studied  together  by  causing  sound- 
waves to  impinge  directly  upon  some  sensitive  body  without  any 
intermediate  process  of  selection  or  filtration.  Thus,  if  instead  of 
a  resonator,  as  in  Fig.  143,  a  cone  be  adapted  to  a  manometric 
capsule,  and  if  sound  l>e  produced  at  the  mouth  of  the  com-. 
sound-waves  will  impinge  directly  upon  the  membrane  in  A. 
The  membrane  will  go  through  a  complex  motion  somewhat 
resembling  the  original  compound-vibration  of  the  sounding  body, 
and  the  flame  will  demonstrate  this  by  its  variations  of  height 
The  image  of  this  oscillating  flame  will  appear  in  a  mirror,  if  the 
minor  be  made  to  revolve,  as  a  band  of  light,  serrated  by  large 
teeth,  whose  outline  is  broken  by  subsidiary  serrations;  the  nuin- 

aud  size  of  the  greater  serrations  indicate  the  frequency  and 
amplitude  of  the  fundamental  vibration  :  those  of  the  subsidiary 
serrations  vary  with  the  number  and  variety  of  the  subsidiary 
vibrations.  This  experiment  may  be  roughly  earned  out,  if  than 
be  no  revolving  mirror  at  hand,  by  whirling  the  gas-flame  itself 
(a  rat's-tail  jet  at  the  end  of  a  flexible  tube)  before  the  eye. 

It  is  ink- re-ting  to  carry  out  this  experiment  by  singing  into  the  open 
end  of  the  cone  :  »•  \vn  among  notes  or  the  same  pitch  sung  to  the  same  TOWlL 
the  association  of  different  farmi  o!  the  flame-image  with  different  qualities  of 
toue  and  difltaul  sensations  is  very  striking  ;  and  it  is  possible 

for  a  singer  to  attain  bo  tin-  production  of  very  jiure  tone — such  pure  tone 
having.  boWBTOT,  :i  somewhat  hollow  .[iiulitv  -1>\  linking  out  for  himself  how 
to  control  tli.-  larynx  sn  rs  to  kOOfi  tin    HfMttani  visibly  'Jperi  ami  -ii 

If  the  membrane  A  have  a  small  mirror  attached  to  it,  the 
mirror  will  share  in  the  vibrations  of  the  membrane,  and,  if  it  be 
jointed  on  a  hinge,  will  reflect  a  beam  of  light  in  such  fashion  as 
to  produce  a  curve  upon  photographic  paper  uniformly  rolled  past 
tin-  vibrating  membrane;  this  curve  will  indicate  the  freqiu- 
Hi-  amplitude,  the  complexity,  of  the  vibrations  of  the  mem- 
brane. 

ind-waves,  however  complex,  may  again  be  caused  per- 
manently to  record  the  succession  and  variation  of  their  own 
impulses.  Leon  Scott's  Phonauto^rraph  is  a  conical  vessel, 
closed  at  its  narrower  end  by  a  membrane ;  to  the  membrane  is 
attached  a  writing-point ;  the  extremity  of  the  writing-point  is 
brought  into  ROD  tact  with  a  sniuked  revolving-*:  vlimler.  As  L 
as  there  is  no  sound  the  wri;  oft  describes  a  uniform  line  on 

the  rotating  cylinder  :  when  sound-waves  enter  tin-  tone  the  mem- 
brane is  set  in  vibration,  and  the.  writ  in  '-point   now  describes  an 
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undulating  line  which  varies  in  its  form  according  to  the  frequei 
the  amplitude,  and  the  complexity  of  the  original  vibration, 

It  must  he  observed  tliat  membranes  thus  made  use  of  do  not  exactly 
reproduce  the  original  motion  at  any  pant  of  tle-ir  surface  :  those  comjwn 
are  exagpanted  widel  ipproximatalj  n  exactly  ooisdde  In  Itarnenoj  with 
some  normal  mode  of  free  vibration  of  the  membrane  itself. 

Kdison's  Phonograph  is  a  pi  am  autograph  whose  writing- 
int  is  somewhat  blunt;  and  it  records  the  vibrations  of  its 
membrane  by  being  driven  through  variable  distances  into  a  sheet 
of  soft  tin  fixed  mi  a  rotating  cylinder:  it  leaves  a  permanently- 
deforming  mark,  a  groove  of  varying  depth.  If  the  membrane 
after  having  made  such  a  mark  be  raised  from  the  rotating 
cylinder,  and  the  cylinder  turned  back    to   its   initial  position  ;   if 

membrane  be  now  readjusted  in  its  former  position,  or,  better, 
a  little  nearer  the  cylinder;  and  if  the  cylinder  be  BgEDB  rotated 
in  its  former  direction,  with  the  same  velocity  as  at  first,- — the 
depressions  in  the  tin,  being  of  variable  depth,  cause  the  blunt 
writing- point  under  which  they  pan  to  move  alternately  towards 
and  away  from  the  cylinder ;  this  compels  the  membrane  to  exe- 
cute vibrations,  and  in  so  doing  to  set  up  vibrations  and  sound- 
waves in  the  air.  which,  being  received  by  the  ear,  produce  a  sound 
similar  to  the  original.  Not  exactly,  however:  the  process  is  not 
perfectly  reversible.  Some  consonants  are  not  well  reprodv 
especially  the  explosives  (b,  p,  t,  d,  k,  g)  and  the  sibilants  (s,  z,  th); 
and  further,  it  is  generally  found  that  there  has  been  some  ex- 
aggeration of  some  of  the  higher  components  in  the  course  Of 
transmission  through  the  membrane,  the  effect  of  which  is  to 
render  the  sound  reproduced  one  whose  quality  is 
metallic,  nasal,  or  even  squeaky  and  Punchinello-like. 


Laws  of  Vibration  of  Sounding  Bora 

These  laws  form  properly  a  part  of  kinetics;  but  the  means 
of  research  into  the  phenomena  of  vibration  which  lies  most 
readily  at  our  A  is  the  observation  of  the  pitch   <•(*  the 

sound  produced  by  vibrating  bodies;   for  w!  on  some 

of  the  consideration  of  these  laws  has  been  deferred  to  this  pJfld 
In  general  any  vibration  of  a  vibratu  onnding  body  is 

»  periodic  motion,  a  Fourier-motion  ;  though  in  particular  cases 

my  find   that   the  vibration   is  not  a  single   Fourier-n 
either   simple   or  complex,  but  may  be  resolved  into  a  number  of 

motions,  simultaneous  and  superposed. 
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Transverse  Vibrations  of  Strings. — If  a  string  be  m 
and  drawn  aside  from  its  mean  position,  it  temls  to  return  to  that 
ion.     In  Kg.  144  let  the  string  AB,  subjected  to  the  tension 


of  a  weight  of  X  grammes  (that  is,  TV/  dynes),  be  drawn  into  I 

position  AGS,  the  particle  G  being  supposed  for  simplicity's  bbJ 

to  have  been  inil  tally  nt  0,  the  centre  of  AB  :  the  tension  tendfa 
to  bring  baek  the  particle  C  to  O  is  the  component  of  the  total 
tension  resolved  in  the  direction  CO:  this  varies  directly  as  CO — 
that  is,  the  restitution-force  varies  directly  as  tin*  displaceinant — 
the  criterion  of  harmonic  motion:  and  it  can  be  shown  as  a 
nmseqiiHiK'p  of  the  fact  that  the  string  is  fixed  at  A  and  B,  that 
the  string  wilt  oscillate  in  some  such  maimer  that  its  aggregate 
motion  can  he  analysed  into  a  number  "I  simple  oscillations  whose 
>  iods  are  comnien  in  Other  fflQfds,  that  the  motion  of 

llif  String  Ifl  a  Fourier-motion.  AflOOfding  to  tin  node  of  dis- 
turhance — striking,  plucking,  bowing — of  the  string,  or  the  dura- 
tion of  these   operations,  then    may  he  an    infinite  variety  in  tin* 

relative  amplitudes  of  these  component  simple  oecillationa     Bome 

of  these  components   may  even   be  altogether  absent :   where,  for 

example,  a  string  is  plucked  at  its  oentre,  it  is  not  possible  that 
any  of  those  components  which  have  a  point  of  I  eat  at  the  centi. 
of  the  string  should  be  present,  and   the  vibration  of  a  string  bo 
plucked  is  one  in  which  all  the  even  components  are  absi 
In  general,  a   vibrat  ing   does  not  present   any  component 

oscillation  whose  node  is  at  the  point  of  disturbance. 

Frequency  of  Oscillation. — In  general  tin-  velocity  ofprapagetii 
a  wave  is       /  — ;  here  we  must  substitute-  f.»r  K  (the  restitution-coeflicieiit   tht 
force  here  acting — that  is,  the  tension  per  unit  of  sectional  area  of  tli.-  >tiiog  j 

m 

this,  measured  in  dyin-s,  is  — '-g  when  r  is  the  radius  <«f  tin 

•-  N/-    -    \/  jr.r'y   ,,  '   =    r    V^'       BUt  *"  ^^   °f  ^  ^^ 

is  liv.-.l  l.v  tin'  .Mii'litinii  .if  the  string  :  it  is  bound  at  each  end,  and  i! 

ti  |a  di.  -lowest  MOpooent,  the  fundamental  tone,  we  sec 
thai  A,  ill.'  wftve-ta  equal  la  SAB 01  -J1,  twioaUN  leugth  of  the  tftlng, 
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.',  tih   nimbi  r  of  complete  nacillattani  pec  second,  is  equal  to 
m  have 


A  "  21  ~  2/  *  7  V 


This  determines  the  frequency  of  the  fundamental  vibration  :  the  harmonica 
will  have  frequencies  2,  3,  4,  etc  lima  M  g 


Prolf>/it. 

A  wire  of  eteel  (/>  =  7*8)  1  met  long  and  1*2  mm.  thick  ia  stretched  by 
■ghf  of  40  kilogra.  and  set  in  transverse  vibration  :  what  will  b€  the 
fp-^nency  of  its  fundamental  rShmtioB  I     Whit  its  pitch  J 


1        }_      /T.g       1        _1_      /iOOO 
B*   7V  «-.  p~  200  "  *06V   3141 


x  l»Hl 


•J/ 


106$  vili mti«ms  per  second  ; 


6  x  7-8 


(when  c  =  256). 


So  for  a  perfectly-flexible  string  :  tin-  efleef  of  rigidity  of  wiwot  string 

is  to  diminish  the  number  of  vibrations,  and  to  cause  the  motion  to  assume 
the  character  of  a  number  of  superposed  harmonic  motions  of  incommensur- 
able period. 

The  vibrations  of  a  violin  string  differ  much  from  those  of  a 

•  forte  string.      In  the  violin  the  oscillating  string  sometimes 

travels  in  the  same  direction  as  the  bow,  sometimes  away  from  it. 

When  tlit-  bow   and   the  string   travel   in  the  same  direction,  the 

bow  drags  the  string  with  it,  distorts  it,  pulls  it  out  to  an  Bfti 

greater  than  that  which  it  would  have  travelled   it'  allowed   freely 

vibrate.      When  the  string  returns  the  bow  fails  to  retain   it, 

Loses  it,  and  as  it  is  returning  bites  and  catch  tin  by  means 

c^f  some  rough  resinous  particle  at  another  part  of  the  bow. 

The  friction  and,  consequently,  the  adhesion  between  the  string  and  tli a 
E^«)W  are  relatively  greater  when  both  move  in  the  Mine  direction,  for  at  low 
■  «    Islire-^peeds  friction  increases. 

Tli-  fa  thus  distorted  and  assumes  successively  a  number 

?  forms,  of  which  no  one  is  curved  ■  and  the  t'orin  of  the  1 
-^iug  at  any  instant  presents  ;m  angle  between  two  straight  lines, 
rably  from  the  curve  of  sines.     But  it  is 
riodic,  and  it  is  true  Fourier-motion. 

The    mathematical    problem    is — What  superposition   ..f  commensurate 

B  M    -  (compare  bTig.  48)  will   prodooe  a  vibration -curve  such  that  for  a 

*^lslll  the  rb-xu res  so  balance  one  another  as  <<•  pn 

*^T*ef  snd  then  so  nid    one  another  so  as  to  produce  U   abrupt  mgle  IV»1- 

•^^sed  bye  freight  Une1    TWi  can  be  solved,  and  the  n*ult  is  that  the 

^hrwi  ng  must  he  composed  of  a  fundamental  vibration,  of 
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weak  components  2«1  to  0  th,  nn<l  of  tuiiph-  higbet  OOfflDjKinenta  This  agrees 
with  tin-  remit  "f  retonator-anslyBH  of  the  wend  of  ■  violin. 

in  the  sou  till  of  I  violin  the  upper  harmonics  are  loud  Mid 
piercing ;  the  nearer  harmonics  are  feeble,  and  the  fundamental 
tone  stands  apparently  alone,  but  rendered  penetrating  in  quality 
by  tin-  high  mass  of  harmonics.  Purity  of  violin  tOUC  depends 
upon  perfect  periodicity  of  the  peculiar  motion  of  I  lie  String;  th 
is  diilicult  to  attain,  I  d  elastic  violin,  uniform  strings,  a  uni- 

form bow,  uniformly  refined  and  evenly  handled,  are  necessary: 
and  any  stumbling  of  the  bow  over  the  string  or  any  irregular 
movement  of  the  string  under  the  bow  is  revealed  by  semtehi- 
ness  of  tone. 

The  sharper  the  angle  made  at  the  point  of  disturbance,  the 
tier  the  tone  in   high   harmonies.      A   string   plucked   with  a 
quill,  as  in   the  old   harpsichord,  has  thus  a  metallic  tinkling 
quality,  and  its  fundamental  tone  is  relatively  very  feeble. 

A  string  struck  suddenly  at  one  point  has  a  form   differ 

■  lly  from  that  of  the.  curve  of  sinea,  Part  of  the  string  remains 
unaffected,  while  the  part  struck  is  distorted.  This  distortion 
travels  along  the  string,  and  results  in  a  periodic  motion  abound- 
ing in  high  components:  the  tone  produced  is  tinkling.  If  the 
same  cord  or  wire  be  struck  gently  by  a  soft  elastic  hammer,  the 
blow  being  deliberate,  and,  as  it  were,  gradually  insisting  upon 
the  diflp  at  of  the  string  nt  the  point  struck,  the  disturbance 

is  more  evenly  spread  over  the  whole  string,  and  the  fundamental 
component-vibration  is  more  prominent,  the  higher  component! 
are  relatively  more  feeble,  and  the  tone  is  pun 

In  a  piauofoite  string  struck   by  an  elastic  soft-hummer   the 
harmonica  Up  t<>  the  sixth  are  present;   the  seventh  is  obliterated, 

<>r  nearly  so,  by  the  hammer  being  made  to  strike  the  string  i 

spot  One-Seventh  of  its  length  from  the  i  nil  of  the  string— 
at  a  spot  which  would  have  been  a  node  of  the  seventh  component 
if  that  component  bad  existed  in  the  compound  vibration:  and 
the  components  beyond  the  seventh  are  feebly  represented 
The  Monochord  is  a  box  of  thin  light  wood  con 
air  which  communicates  with  the  exterior  air  by  lateral  apertures, 
rpon  this  box  rest  two  bridges  ("banjo-bridges"),  oue  near   each 
end.      Over  the  bridges  is  Stretched  a  wire;  of  whi«  h    on 
firmly  tixed  t<>  one  end  of  the  box,  while  tlie  other  is  either  passed 
over  a  pulley  and  made  to  support  a  weight,  or  else  connected 
with   a   tuning-peg,  which  may  be  turned   by   a   tuning-key,  the 
tension  on  the  I  wire  being  thus  varied. 
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periments   with   the    Monochord. — For   experiments 
it  is  better  to  U9e  a  form  of  monochord   in  which   there  ait   two 
wires,  of  which  one  is  tightened   by  a  peg,  the  other  by  a 
pended  weight ;  in  the  hitter  the  total  tension  on  the  wire  can 
be  directly  measured,  in  the  former  it  must  be  inferred. 

1.  Suppose  a  wire  1*2  mm.  thick,  whose  free  vibrating 
part  is  1*2  metres  long,  to  be  stretched  by  the.  weight  of  48 
kilogrs.,  and  the  pitch  of  the  sound  produced  to  be  G  =  96 
vibrations.  What  weight  ought  to  be  added  in  order  to  raise  the 
pitch  to  d 1 

The    pitch   is   raised  G  :  d — i.e.,   a   fifth  :  the   vibrations   are 
rendered  more  numerous  in  the  ratio  2:3;  the  tension  must  be 
reased  in  the  ratio  22 :  3s,  or  4  :  9  ;  the  stretching- weight  must 
be  increased  from  that  of   48   to   that  of   108  kilogrs. •   the  W 
which  would  have  to  be  added  is  00  kilogrammes. 

_  Two  wires  of  equal  thickness  are  stretched — one  by  the 
tuning-peg  and  the  other  by  the  weight  of  a  heavy  mass — so  as 
to  vibrate  in  unison.  The  weighted  wire  is  removed  and  replaced 
by  one  of  a  different  tin  lied  by  the  same  weight.      A 

thinner  wire  gives  a  higher  tone,  a  thicker  one  a  lower. 

Ii  in  Ex.  l  a  wire  l  mm.  thick  be  employed,  what  will  be 

the  pitch  of  the  sound  produced  ?  The  frequency  varies  inversely 
as  the  radius:  it  therefore  exceeds  that  of  n  wire  l"2  mm.  thick 
in  the  ratio  of  6  :  ."> ;   the  note  produced  will  be  Bb. 

3.  A  brass  wire  and  a  steel  wire  of  equal  gauge  are  equally 

■tr  they   are  free  to  vibrate  in  equal  lengths.      Brass  has 

a  density  p  =  8*38,  steel  =  7*8.     The  brass  wire  gives  a  sound 

**+m  in  pitch  than  that  given   by  the  steel  wire :   the  respective 

frequencies  are  in  the  ratio  of  \/T§  to  \Zs^S  or  1  :  1-03663. 

A  catgul  string,  whose  density  is  small,  gives  a  higher  note 
^oji  a  steel  wire. 

4.  In    order    to    vary    the    free    vibrating- length    of   wire,    a 
■  rank  bridge  is  arranged  under  the  string.      If  this  he  so  placed 

*****tt  60   cm.  of  the  wire  are  free   to   vibrate  instead  of   1-0   as 

ore, the  sound  pn  ill  be  the  Octave;  if  40  (=  -,-f2),the 

:  if  30  (=  4*),  the  Fifteenth;  if  24  (=  11*),  the  Seveu- 

^°^lith — and  so  forth — above   the   fundamental  uote  emitted  by 

■••  freely- vibrating  string  of  L20  cm,  leu 

vibrations  of  a  arise  inversely  as  its 

Hence  if  we  wish  with  a  string  which  sounds  C  to  pro- 
W  iote  D,  whose  frequency  is  that  of  0  x  f,  we  must 

0  vibrate  not  as  a  whole,  bat  only  in  £  of  its 
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length.     To  produce  the  scale  on  one  string,  the  parts  of  the 


string  which  are  allowed  to  vibrate  are  as  follows  :- 


d 

1 


n 


etc. 


r         m         f         s         1        t 

I      *      I     *     *    A 

The  application  of  this  principle  is  familiar  in  violin  playing. 

5.  Nodes  and  Loops  can  also  be  shown  on  the  monochord. 

If  the  wire,  120  QBL  in   its  vibrating  length,  be  lightly  touched 

P1M4&. 


at  20  cm.  from  the  end,  and  if  the  twenty-centimetrc-part  of 
the  wire  be  set  in  vibration  by  a  bow,  the  whole  wire  is  bond 
to  Ihj  in  vibration  from  end  to  end;  but  not  as  a  whole.  It 
divides  itself  into  segments  or  vibrating  loops,  separated  by 
nodes  or  points  of  rest  Each  segment  is  20  cm.  long:  and  the 
sound  given  out  is  that  which  might  be  emitted  by  half-a-dozen 
separate  wires  each  20  cm.  long — that  is,  it  bears  to  the  note 
emitted  by  the  whole  string  the  same  proportion  as  (f  does  to  C 
— two  octaves  and  a  fifth.  Similarly  for  other  fractional  divi- 
sions of  the  wire  or  string.  Lightly  stopping  the  string  has  thej 
effect  of  destroying  or  of  checking  the  formation  of  all  thosej 
modes  of  vibration  which  have  not  a  node  at  the  point  touched : 
hence  the  6th,  12th,  18th,  etc.,  components  of  the  vibration  j 
the  whole  string  are  unchecked,  while  the  other  components 
rendered  impossible. 

The  nodes  and  loops  of  a  string  vibrating  in  this  way  ad 
rendered  manifest  by  paper  riders  placed — some  at  the  nodes,  soi; 
on  the  loops;  when  the   string  enteu   Into  vibration  those  ridj 
which  had  l>eeu  placed  on  the  nodes  will  retain  their  place,  wl 
those  which  bid  been  placed  on  the  loops  will  be  jerked  oft 

Nodes  and  loops  on  vibrating  strings  may  be  illustrat 
large  scale  as  follows : — Take  an  indiarubt>er  tul>e  1 0  feet   lJ 
filled  with  sand,  or  a  long  spiral  of  iron  or  brass  win;,  and  ?:\J 
Olid  of  this   to  a   wall;  hold   the  other  end   in   the  fa 
moving  the  hand  gently  the  natural  period  of  oscillation  oj 
cord  can  be  easily  found.     Give  with  the  hand  a  series  of 
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verse  impulses,  so  timed  as  to  aid  the  natural  oscillations :  the 
tube  or  spiral  will  enter  as  a  whole  into  wide  oscillations.  Now 
give  such  impulses  twice  as  often  :  the  cord  will  divide  into  twu 
segments,  pivoting  in  a  striking  manner  round  the  central  point. 
Do  so  three  times  as  often  as  at  first:  the  cord  will  divide  iuto 
three  segments  or  loops,  pivoting  pn  two  nodes.  By  increasing 
the  frequency  of  the  movements  of  the  huiid,  the  cord  can  be 
made  to  oscillate  in  4,  6,  6,  7,  or  even  8  or  9  segments,  accord- 
ing to  the  dexterity  of  the  experimenter.  The  experiment  is  a 
very  striking  one ;  and  it  may  be  varied  by  causing  the  hand  to 
move  in  a  circle  or  an  ellipse  instead  of  a  straight  line. 

Melde's  Experiments. — .V  tuning-fork  is  provided  with  a 
little  hook  on  one  of  its  prongs ;  to  this  hook  is  attached  a  fine 
white -silk  thread.  This  thread  is 
passed  owr  a  wheel  and  attached 
to  a  suspended  mass  partly  im- 
mersed in  water;  the  quantity 
of  this  mass  can  be  coarsely 
adjusted  by  the  addition  or 
removal  of  sand  ;  its  effective 
weight  can  be  finely  adjusted  by 
varying  the  quantity  of  water  in 
W  (Fig.  146).  The  fork  is  set 
in  vi  I  'ration  ;  waves  appear  to  travel  up  and  down  the  thread ;  if 
the  string  be  illuminated  by  a  beam  of  light  in  a  dark  room,  the 
effect  is  singularly  beautiful.  As  the  tension  is  increased  the 
segments  vary:  at  length  the  thread  vibrates  as  a  whole,  and 
seems  to  form  an  opalescent  spindle.  Its  frequency  of  vibration 
is  half  that  of  the  fork;  the  thread,  when  at  its  limit,  is  pulled 
back  b\  reating  fork  into  its  mean  position,  but  is  relaxed 

and  allowed  to  awing  over  upon  the  return   of  the  fork  ;   whaDOt 

oscillations  of  the  fork  correspond  to  one  of  the  thread.  If 
the  tension  be  reduced  to  ^.  the  vibrating  pad  "f  the  string  must 
be  shortened  to  r  to  keep  time  with  the  fork,  or  else,  if  the 

string  l>e  not  shortened,  the  string  will  divide  into  two  equal  seg- 
ments or  loops  separated  by  a  node :  if  the  tension  be  reduced  to  -J, 
the  string  divides  iuto  three  loops  with  two  nodes;  and  so  forth. 

If  the  tuning-fork   he   turned   round  through  90°,  so  as  not 

•v  to  tighten   and   relax   the   thread,  but  to  give   it  n  series  of 

transverse  impulses,  a  similar  series  of  phenomena  will  l>e  ob- 

ser>  i   the  fundamental  vibration  is  now  simply  synchronous 

with  that  ol  tin-  tuning-fork. 
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When  the  thread  is  suspended  between  two  tuning-forks 
whose  frequencies  belli  an  aliquot  ratio,  the  tuning-forks  t>  i 
placed  at  distances  from  one  another  such  as  to  tighten  the  thread 
to  the  required  amount,  the  motion  of  the  thread  hecomes  periodic, 
and  presents  a  complex  of  beautiful  loops  and  nodes  which  are 
obtained  with  comparative  ease. 

Transverse  vibrations  of  cords  may  be  studied  with  respect 
to  the  motion  of  each  particle  by  casting  a  beam  of  light  along  a 
vibrating  cord,  and  looking  at  a  particular  bright  or  brightened 
spot  on  the  cord.  The  bright  spot  appears,  when  the  cord  is 
looked  at  end-on,  to  give  in  quids  succession  a  large  variety  of 
such  forms  as  we  have  already  seen  to  be  produced  by  the  com- 
position of  S.H.M.'s.  A  bright  spot  on  the  cord  may  also  be 
looked  at  through  a  microscope  whose  object-glass  is  borne  upon 
a  vibrating  tuning-fork  ;  the  apparent  motion  of  the  spot  pro- 
duced by  the  motion  of  the  object-glass  (this  being  parallel  to 
the  length  of  the  cord)  is  compounded  in  the  >-w  with  its  real 
motion ;  the  apparent  up-and-down  motion  of  the  spot,  as  looked 
at  transversely,  is  spread  out  into  an   open   <  m\  aus  be- 

comes more  intelligible,  for  the  eye  can  more  readily  eompn-hend 
•  •pen  curves  than  simple  up-and-down  moveiu-  n 

Longitudinal  vibrations  of  a  string  may  be  excited  by 
drawing  one  point  of  a  violin  bow  along  the  string :  a  very  shrill 
tone  is  produced. 

The   velocity  of  prohibition  -  «/K/p  ;  the  wave •  length    i«   twice    the 
length  of  the  string,  or  A  =  2/ ;  the  number  of  fundamental  vibrations  per 


second 


•        1        /K 


ProbUtn. — A  steel  wire — elasticity  2,020,000,000  g,  and  density  7'8 — 

me  Hiatal  in  length,  is  damped  at  An  two  sadi  and  m(  in  longtaatiB*] 

viltriitimi.      What  will  be  tin-  pftfih  oftibt  KXlOCl  produced  ? 

1      / 


*  —  TT*.  /  — 


21   X 


1        /2,520,000,000  x  981       or 
'SOOV      ^8 3°°    v,bratlona 


per  second  =  /""  -h . 


As  a  rule  the  longitudinal  vibrations  of  are 

much  more  frequent  than  the  transverse  ones,  and  thus   produce 
a  much  shriller  sound,  and  further,  they  are  not  so  much  afTe*  . 
I'V  tension  applied  to  the  string,  for  a  variation  of  tension  wi, 
would    materially   modify   the   frequency  of  tran  ibfttaQO 

would  have  little  effect  upon  either  the  elasticity  K,  or  the 
p,  upon  whie.h  the  longitudinal  vibrations  depend. 


riv.l 


ITI0K8  OP  sti:in<;s. 
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A  \ii.ini  u^itii'lijiiillv  faj  OBfl  pefnf  ->f  the 

-«iund  in  Uie  neighbourhood  of  [/*>""'■>  while,  when  l.-t  down  *o  am 

nd  only  c't  il  givea  out  a  longitudinal  vibration-MUsd   do!      •  iow  as 

Che  longitudinal  eibnttton  bahQy  falls  n  comma,  while  the  tran»- 

Terve  full-  i'      All  th.-  oatgul  strings  of  .1  vSolin  may  li  i-il  io 

give  fut  Jit-arlv  the  HUH   lon^itinUiial  note,  for  thi-  d06l  DOl  "ii  their 

•  in  this  we  see  how  important  it  is  to  use  the  bow  in  such 
a  way  as  to  bring  out  transverse  vibrations  only,  and  by  no 
menus  to  wield  it  so  that  any  component  of  its  motion  over  the 
Btn  longitudinal  vibrations,  resulting,  as  these  do,  in 

shrill  discordant  tones. 

By  means  of  the  monocbord  we  may  learn  that  a  itring  while 
rating  longitudinally  divides  into  loops  separated  by  nodes,  just 
as  it  does  while  executing  transverse  vibrations. 

Longitudinal  vibrations  of  rods  resemble  those  of  strings  ox 
wires.     A  glass  rod  lev  its  itudv  and  rubbed  longitudi- 

nally by  ;i  ressned  cloth  will  enter  into  longitudinal  vibration  . 
will  produce  a  shrill  sound.      A  Ji      hi  i    treated   in  the  same 
manner   may  be   made   to   vibrate  so  vehemently  that   it   shivers 

■  Begmeni 

Transverse  vibrations  of  rods  obey  the  rule  that  ii'  0  be  the 
thickness  of  the  rod,  i  its  length,  K  its  coefficient  of  elasticity,  and 
p  its  density,  than 

««e  -W  -  -,  or  n  =  const  x  —  </  -• 
/*  v    p  P  v    p 

The  constant  varies  according  to  circumstances.  If  the  rod  be 
free  or  damped  at  both  ends,  it  is  ITS  ;  if  it  lie  free  at  oue  end 
only,  the  constant  is  only  02 8. 

As  examples  of  rods  free  at  both  ends  nud  vibrating  trans- 
versely, we  may  take  the  common  glass  or  metal  harmonicon — 
plates  of  glass  or  metal  supported  by  threads  at  the  nodal  lines 
and  struek  by  hammers.  Ai  examples  of  rods  clamped  at  one 
end  and  vibrating  transversely,  we  may  take  reeds  such  as  thOM 
the  harmonium  or  concertina.  Their  pitch  is  raised  by  filing  off 
towards  their  free  ends;   it  is  lowered  by  thinning 

ii  towards  their  base.  Tuning  forks  ailbrd  another  example 
of  vibrating  rods;  they  are  tuned  in  the  same  way, 

In  n*li«  of  the  Bsme  thickneaa  the  frequency  uf  vil-r,  me\y 


the  square  of  the  length,  a*  the  formula  n  =  e 


6  rz  • 


•  nt   if 


-*  H  snd  tht  length  I  vary  togotbtr,  to  that  different  rods  have 
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<aine  shape,  the  frequency  dapande  ofl  toe  length  only.    Tims 

a  tuning-fork  i  Indhifl  long  and  ou  -  huduN  lOQgjOf  t ) 1 1-  ^ame  sh.i 
produce  notes  which  differ  l>y  an  oetave :  the  Mime  rule  applies  to  reeds. 

A  rod  does    not  vibrate,  as  a  whole,  iu  halves,  thirds,  etc.,  lml 
pMMol   ifbtatfoM  have  frequencies  1:4:9:16,  etc.;  hut  ea«-l  lent 

has  it*  nun  rate  of  travelling  through  the  ^.lid,  and  thus  the  periodic  nature 
of  tin1  vibration  i«  disturbed.  Such  1  vibration  of  ■  tod  il  IB  extreme  caw 
of  the  vibration  of  I  rigid  or  thick  win.-. 

A  rod  of  circular  section  can  vibrate  transversely  with  indifference  in  all 
tfcfflfc  Onfl  wh<»e  si-ctiuii  is  oblong  can  OKlIlatfl  DOR  widely  in  a  plane 
at  rigfcl  angle**  to  the  broad  face  than  it  can  in  a  plane  parallel  to  ■ 
face — «.jfM  a  vibrating  nod,  in  which  the  latter  oscillation  fa  al-'dutely 
insignificant.  If  a  rod  of  circular  section  be  filed  at  one  side,  all  component 
oscillations  which  tend  to  bend  the  rod  upon  the  tiled  face  are  retarded ; 
those  which  are  nt  right  angles  to  these  are  unaffected.  Thus  a  rod  of  steel, 
grasped  by  a  vice  at  a  particular  spot,  may  he  so  tuned  that  win  n  it  fa  set  in 
vibration  by  n  violin  bow  its  point  may  execute  vibntlOBl  in  dirootaam  at 
right  angles  to  each  other,  and  bearing  to  each  other  any  predetermined 
ratio. 

Take  a  knitting- needle :  fix  it  iu  a  vice;  mark  on  the  needle  the  height 
at  which  it  stand*  in  the  vie.-;  tOVflb  the  free  tip  of  the  nee. lb-  with  a  littlo 
gum:  Rcatter  a  little  starch  or  jiowdcrcd  antinn-nv  over  the  m.vdle  tip;  some 
will  adhere.      Suppose  the   I  1 :  .ri ;  lvfei   to  I—  98.      Kile  th- 

rod  always  towards  one  aspect  until  the  movement  of  the.  tip  of  the  rod,  as 

iled  h\  the.  bi  i Hi. m!  part  ;o  present 

curve  sought.      If  the  filing  DJCVt  DMO  <0  for,  a  little   metal  may  be 

removed  from  the  needle  at  an  a-|>ect  at  right  angle*  to  that    of 
operation.     If  after  a  n>     Eb       >     bdtB  tuned  in  thi«   way,  BO  that  it*  roiu- 
ii.-.-n  randorod  ooBMnenronrto,  it  lie  grasped  by  the 
at  a  point  a  little  above  or  below  the  original  point,  the  intervals  cease 
to  b  ■•'••,  and  the  curve-  ma   pMB  through  a  series  of  changes 

exemplified  by  those  of  Fig.   11. 

A  tuning  fork  >>r  vibrating  reed  made  to  write  its  own  vibrations  on  a 
rotating  cylinder  describes  a  sinuous  curve  whieli  il  almost  identical  with  the 
em  i,      This   shows  that   the   motion  is  pendular.      Again,   if 

harmonium  ree  1-  ban  th'-ir  tip*  •dlvered  so  as  to  reflect  light,  and  if  they  be 
arranged  at  right  angles  to  one  an Other;  ami  if  a  lamp  and  lens  be  so  placed 
that  a  beam  of  light  falls  first  upon  one  reed-tip,  then  upon  the  other,  and 
finally  upon  a  screen;  then  if  one  reed  be  set  in  vibration,  the  spot  <>f  light 
opens  out  into  a  line,  while  if  bod)  vibrate  the  line  opens  out  into  some  figure 
of  'die  older  of  those  shown    in    Figs.  36-40.      This  figure  retnv  and 

retain  I   nn    if  the    re.  •  irately    tuned    to  an   aliquot   ratio    of 

frequencies,  while,  on  the  other  hand,  if  the  reed*  l>e  not  bo  in  tune,  the  figure 
undergoes  rapid  changes— changes  painful  to  the  eye,  as  the  accomjwu.- 
beata  are  to  the  ear. 


Rotatory  Vibration  of  Rods. — When  a  rod  is  clamped  by  one 

end  En  ■  vice,  ami  a  violin  bow  drawn  round  it,  it  may  be  c. 
to  execute  vibrations  in  which  it  successively  twists  and  Ulllwfata 
itself  round  its  own  axis;  and  it  Efl  found  to  do  so  with  a  frequency 
0*6  x  that  of  the  longitudinal  vibrations  in  the  same  rod. 
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Vibration  of  Discs  or  Plates. — A  disc  of  metal  or  of  glass 
may  be  caused  to  vibrate  by  means  of  a  violin  bow  drawn  across 
The  paint  of  support  of  the  disc  is  necessarily  a  nodal 
;  any  number  of  points  may  be  supported  OK  lixed,  and  all 
these  must  also  be  nodal  points.  The  disc  or  plate  may,  under 
such  arbitrary  conditions,  adjust  itself  so  as  to  vibrate,  according 
to  circumstances,  with  great  variety  of  nodal  lines  and  vibrating 

A  disc  of  brow  or  gleet  may  bo  fixed  .'it  it.^  HDtN  to  ■  heavy  stand.  If 
the  circumference  be  touched  ft  any  point  while  the  wboli  m  vibration 

by  a  violin  bow,  the  point  touched  will  he  a  nodal  point  ;  the  spot  where  the 
violin  bow  is  applied  tends  to  become  the  centre  of  a  loop ;  according  to  the 
rvlaihv  situations  of  the  point*  held  fixed  and  of  thl  point  of  implication  of 
i-tnrbing  cause,  will  vary  the  manner  and  the  pitch  of  the  resultant 
vibration. 

Different  discs  of  the  same  shape  and  vibrating  in  similar 

0    /K 
avs  have  relative  vibrational  frequencies  varying  as   «*/  —  ; 

'"       P 

the  same  law  as  holds  good  in  the  transverse  vibration  of  bars. 

The  form  of  the  nodal  lines  may  W  studied  by  llreiruig 
podium  powder  upon  a  vibrating  disc  or  piste  :  the  sand  collects  on  the  nodal 
lines;  the  lyeop.xliuin,  by  reason  of  tli.'  dfatarbmce  of  the  air,  ii  blown 
toward*  the  ceutrc  of  etch  vibrating  ngment 

I  ontiguous  sectors  are  in  opposite  phases  of  vibration.  If 
the  ear  be  placed  immediately  opposite  the  centre  of  figure  of  a 

•  ilar  vibrating-disc,  there  will  be  but  little  sound  bead:  the 
receding  and  the  approaching  sectors  neutralise  each  other's  effects 
upon  the  air  and  upon  the  ear.  If  tbe  hand  be  held  above  a 
vibrating  disc  so  as  partly  to  cut  off  the  effect  of  one  of  the 
sectors,  the  sound  heard  opposite  the  centre  of  the  disc  ■  en- 
hanced ;  if  two  contiguous  sectors  be  thus  shaded  from  hearing, 

sound  is,  as  at  first,  very  feeble  ;  if  two  sectors  not  contiguous 
but  vibrating  in  the  same  sense  be  thus  covered,  the  sound  pro- 
duced is  much  lender.  If  a  Koeuig's  mamaoutek  QBptnlfl  be 
provided  with  a  tube  which  bifurcates,  and  if  the  branch  tubes 
each  terminate  in  a  cone,  one  cone  may  be  placed  over  a  vibrating 
sector,  while  the  other  may  be  moved  about  over  the  disc.  As  it 
passes  round  the  circumference  of  the  disc,  it  will  be  found  that 
the  gas-flame  of  the  capsule  is  alternately  much  agitated  and 
steady — agitated  when  both  cones  are  over  sectors  vibrating  in 
the  same  sense ;  steady,  or  nearly  so,  when  they  are  over  sectors 
vibrating  in  opposite  phases. 
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Vibration  of  Membranes. — If  a  membrane  be  subject  to  a 
>1  over  its  whole  eUCftmfcrBOCe,  such  M  that  of  •  <1rnui. 
it  vibrates  as  a  whole;  its  higher  component  vfl "rations  an-  not 
commensurable  with  the  slower  ones,  and  the  higher  tones  faintly 
to  be  heard  in  tin'  sound  of  a  drum  discord  with  the  fundamental 
tone. 

If  the  membrane  be  not  equally  stretched  in  all  directions,  it 
will,  when  set  in  vibration  i  range  itself  as  to  vibrate  feebly 
along  the  line,  of  least  tension,  and  strongly  in  the  direction  of 
greatest  tension.  Thus  ■  square  piece  of  thin  indiarubber,  clamped 
by  the  two  opposite  edges  and  stretched,  will  vibrate  at  the  same 
rate  as  an  indiarubber  cord  of  the  same  free  length  and  exposed 
to  the  same  tension  per  unit  of  sectional  area;  and  it  may  be 
idealised  as  a  collection  of  indiarubber  cords,  arranged  side  by 
side,  attached  to  each  other,  aiul  vibrating  in  unison. 

Vibration  of  Bells. — A  bell-shaped  body,  set  in  motion  by 
being  struck,  or  by  being  rubbed  with  the  resin, -d  or  Wetted  linger 
fled  round  the  circumference,  enters  into  vibration  simul- 
taneously radial  and  tangential.  The  bell  divides  into  an  even 
number  of  sectors;  of  these  one  half  dilate,  while  the  other  half 
(individually  alternating  with  the  former)  contract  radially.  At 
the  same  time  sectors  of  the  bell,  moving  tangentiallv,  twist  to 
and  fro  round  the  axis  of  the  bell ;  alternate  sectors  are  opposed 
to  one  another  in  the  direction  of  their  twist ;  hence  at  some  of 
the  nodes  which  separate  the  sectors  there  is  compression,  at 
others  dilatation  of  the  substance  of  the  bell.  The  loops  of  tie- 
radial  motion  are  the  nodes  of  the  tangential  motion ;  thus  where 
there  is  least  expansion  or  contraction  there  is  the  greatest  amount 
of  twist  In  the  circumference  of  a  vibrating  bill  there  are 
generally  four  Loops  Corresponding  to  each  motion. 

The  effect  of  loading  a  vibrating  body  is  to  lower  its  pit 
if  the   load  be   distributed    uniformly,    all   the   components    are 
lowered;  if  it  be  suspended  from  points  of  the   vibrating  body, 
those  component  vibrations,  if  any  there  be,  which  have  their 
nodes  at  those  points  remain  unaffected. 


The  preceding  propositions  have  related  to  the  vibrations  into 
which  a  body  may  enter  when    ir    is   disturbed   and   then  1- 
itself.     The  vibration  in  such  cases  is  called  /,-■,-  vibration,  tin 
period    of  which   depeuds  on  the   nature   aud   the   form    of   the 
vibrating  body  itself.      If  I    body  capable   of  vibration  00   I 
upon  by  a  series  of  impulses  ab  externa,  the  result  depends  upon 
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the  j>ei  i  -currence  of   these  impulses.      These   may  be  so 

ned  u  to  aid  bbe  natural  fine  vibrations  of  the  body,  adding 

energy,  ami  therefore  increasing  the  amplitude  at  every  OBOiDatio 
<>r  they  may  lie  so  timed  as  sometimes  to  aid,  sometimes  bo  thwart 
the  natural  oscillations,  ami  thus  to  produce,  00  the  whole,  DO 
effect  so  far  as  concerns  the  amplitude  of  these.  In  the  former 
case  the  interval  between  two  successive  impulses  <tb  akrao  is 
equal  to  the  period  of  the  natuml  vibration;  while,  when  this 
interval  differs  materially  from  the  period  of  the  free  vibration, 
tide  of  vibration  is  not  increase. i  Krai  the  energy  n«m- 
municated  in  the  successive  impulses  is  dissipated  in  heat. 

A  heavy  bell  has  a  natural  period  of  pendular  swing,  and  if 
a  person  gently  pull  the  hell-rope,  a  very  slight  swing  may  be 
obtained,  perhaps  barely  perceptible.  If  the  pull  be  repeat t  <1 
while  the  rope  is  tending  to  slacken  in  the  ringer's  hand,  the 
original  small  swing  is  increased,  perhaps  doubled;  a  BOO 
of  well-tuned  pulls  causes   ultimately  a  wide  01  of  the 

bell ;  and  when  the  bell  has  been  set  fairly  ringing  the  amplitude 
of  the  oscillation  is  kept  up,  and  all  loss  of  energy  replaced 
a  series  of  well-timed  impulses.  If,  however,  tin-  impulses  l>e  so 
timed  that  they  sometimes  act  in  favour  of  the  oscillations  of  tin: 
bell,  and  are  sometimes  delivered  against  a  tightening  rope,  the 
bell  will  either  not  ring  at  all  OX  will  do  so  very  irregularly. 

If  a  liody  capable  of  freely  vibrating  with  n  oscillations  DOT 
second  l»e  placed  in  material  commnnication  with  a  lxwly  actually 
vibrating  n  times  per  second,  the  former  will  take  up  energy  and 
euter  into  vibration.  If  a  cylinder 
AK  bs  fixed  at  the  extremity  of  the 
rod  CD;  if  another  cylinder  KF  of 
like  material  ami  dimensions  be  flxsd 
i  end  of  CD;  and  if  AT. 
be   set   in    longitudinal   vibration, —     o  d 

:»  EF  will  he  set  in  vibration  of  equal  period.      Here  it  must 
be  observed — (I)  that  expansion  of  AW  at  the  same  time 

with  compression  of  KF,  and  virc  vrrsd;  and  (2)  that   the  centre 
of  mass  of  the  wkolfl  system  remains  unchanged  in  its  position. 

Two  organ-pipes  of  exactly  the  same  pitch,  mounted  on  the 
same  wind-chest,  may  fall  into  a  similar  opposition  of  phase,  and 
retain  it  lot  long  periods  of  time:  as  long  as  they  do  this,  they 
can  together  emit  but  little  sound,  and  the  bound  produced  is 
rendered  louder  by  silencing  one  of  the  pipe* 

Two   similar   strings   of  equal    length  equally  stretched  over 
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the  same  solid  framework  parallel  to  one  another,  will  so  adjust 
th'ir  vibrations  as  simultaneously  to  approach  or  to  diverge  from 
one  another. 

A  tuning-fork  may  be  regarded  as  made  up  of  two  equal 
i'  Is  connected  with  a  common  basis;  the  prongs  simultaneously 
approach  and  diverge  from  one  another  when  Am  fork  is  in 
vibration 

Two  clocks  which  keep  good  time  together  beat,  when  placed 
on  the  same  table,  synchronously. 

A  tuning-fork  can  be  set  in  vibration  by  another  tuniug-fork 
of  exactly  the  same  pitch  vibrating  within  the  same  room. 
The  materia]  communication  between  the  two  forks  is  effected  by 
the  air;  the  sounding-fork  causes  waves  in  the  air;  these  cause 
well-timed  impulses  against  the  second  fork  ;  the  effect  of  these 
is  cumulative,  and  the  second  fork  takes  up  the  vibration  of  the 
first. 

In  the  same  way  a  mass  of  air  in  a  vessel  or  ilask,  since  it 
has  a  natural  period  of  vibration,  may,  if  air-waves  dnsh  against 
the  open  mouth  of  the  vessel  at  such  intervals  as  correspond  to 
its  natural  vibration,  be  caused  by  the  accumulated  effect  of  these 
waves  to  enter  into  violent  oscillation.  This  principle  we  have 
seen  made  use  of  in  resonators ;  and  from  the  analogy  of  these 
instruments  all  phenomena  of  this  kind  may  be  called  pbenom 
of  Resonance ;  the  law  of  which  is,  that  any  undulation  or  vibra- 
tion is  taken  up — its  energy  is  absorbed — by  any  body  capable 
of  freely  vibrating  synchronously  with  it,  free  to  do  so,  and  exposed 
to  its  periodic  impulses.  If  the  uudulation  or  vibration  which 
concusses  the  vibratile  body  be  complex -harmonic,  those  com- 
ponents only  which  correspond  to  the  natural  ]>eriod  of  the 
vibratile  body  are  taken  up  by  that  body.     On   this  princi; 

•nators  are  used  to  detect  the  higher  components  of  a  complex 
sound. 

Forced  Vibrations. — Under  certain  circumstances  a  vibratile 

l)ody  may  be  compelled   to  surrender  its  own   preference  for  a 

1 1', ilar  mode  of  vibration,  and  to  vibrate  with  more  or  less 

accuracy   in    an    arbitrary   manner    imposed   upon    it   by  external 

force 

Huvghens  discovered  that  two  clocks  which  did  not  keep 
time  separately,  kept  time  together  when  placed  on  the  same 
table  ;  the  more  rapid  clock  forced  up  the  speed  of  the  slower 

while  it  was  itself  delayed.  Two  prongs  of  a  tuning-fork, 
slightly  uuequal  in  size,  will  force  one  auother  to  agree  in  tti 
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periods  of  vibration.  If  the  one  prong  be  powerfully  pulled  to 
and  fro  by  an  external  mechanism  so  predominant  that  its  period 
cannot  be  altered  by  any  resistance  o  y  the  fork,  the  fork 

as  a  whole  will  be  forced  to  vibnite  at  a  rate  determined  by  the 
exterior  mechanism  or  outside  force ;  and  it  will  maintain  this 
rate  as  long  as  it  is  compelled  to  do  so,  but  no  longer;  this  bring 
the  ca.se  of  a  tuning- fork  controlled  by  an  electromagnetic  inter- 
rupter, which  is  found  to  return  to  its  normal  rate  of  vibration 
as  soon  as  the  electric  current  ceases.  The  nearer  the  rate  of  the 
forced  vibration  is  to  the  rate  of  the  free  vibration  of  the  fork, 
oscillation. 
A  resonating  chamber  of  air  will  also  on  the  same  principle 
resound  to  some  extent  under  the  influence  of  a  tuning-fork  of 
pitch  slightly  differing  from  its  own  natural  pitch.  Here  we 
observe  that  a  steel  fork  can  force  the  Leu  massive  air  slightly 
to  alter  the  period  of  its  vibration  ;  towards  the  end  of  each 
swing  of  the  particles  of  the  air,  they  are  in  very  slow  motion, 
and  can  with  comparative  ease  be  constrained  to  shorten  or  to 
prolong  the  period  of  their  oscillation.  Air-waves,  on  the  other 
hand,  cannot  force  a  massive  tuning -f< irk  in  this  way,  and  in 
order  that  a  tuning-fork  may  take  up  a  vibration  conveyed  to  it 
through  air,  the  vibration  of  the  primary  sounding-body  must  be  in 
exact  unison  with  the  free  vibration  of  the  tuning-fork  acted  upon. 

There  is  difficulty  in  constraining  a  denser  substance  to  take  up  a  vibra- 
tion communicated  to  it  by  a  rarer  one.  The  mechanical  action  •<!  tin*  ear 
involve*,  however,  a  problem  of  this  kind  ;  air-waves  tare  to  \h-  ...in- 
mnnicated  to  the  denser  sense-orguns  ;  and  this  is  aflbotad  by  «li mi u j.-!i i n^ 
their  amplitude  and  consequently  increasing  the  force  of  their  impulse — a 
t  ph*  now  familiar  to  us. 

haps  the  best  examples  of  bodies  which  can  be  forced  into 
vibrations  of  any  period  are  found  among  membranes ;  to  some 
degree  of  amplitude  any  period  of  vibration  can  be  forced  upon  a 
iibrane,  though  all  stretched  membranes — as,  cjj.,  the  orches- 
tral drum — have  natural  periods  of  free  vibruiinu  which  can  be 
modified  by  varying  the  tensiou.  If  a  vibratile  body  which  has 
a  natural  period  of  vibration  l>e  concussed  by  an  external  Fourier- 
motion,  the  resultant  forced-motion  u\'  bhe  pfbmtQc  body  will  still 
be  Fourier-motion  ;  but  those  components  of  the  original  motion 
which  nearly  coincide  with  the  natural  oscillations  of  the  vibra- 
tih-  body  wdl  be  represented  in  the  resultant  forced  complex- 
vibration  by  components  proj>ortionately  exaggerated — a  principle 
we  have  already  seen  to  affect  the  working  of  the  Phonoymph. 
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If  a  membrane  be  of  unequal  width  and  be  stretched  in  one 
direction,  a  forced  vibration  imposed  upon  it  will  affect  only 
certain  parts  of  its  ana.      In   Fig.   148  ABC  is  a  membrane, 


Flff.MB. 


triangular   in   form    and   exposed    to   a  tension   parallel    to   I  1'. 
Consider    a    single    very    narrow  strip,   cf,   of   this    membrane; 
imagine  it  to  be  isolated  from  the  rest  of  the   membrane, 
a  strip  would   have  a  certain   length,  thickness,   tension,   density  ; 
it  would  therefore,  if  it  entered  alone  into  transversul  vibrations, 
produce   a  note  of  a  certain  definite  pitch.     Let  that   note  be 
sounded  in  the  neighbourhood  of  the  membrane  ;  the  membrane 
will    vibrate  Strongly    at  if,  the   disturbance    rapidly    sha. i. 
into  rest   on    either  side  oft/;   and,   further,    then   will    be  some 
disturbance  in  those  parts  of  the  membrane  whose  length  is  2tf, 
,   and   so  forth.      Each   external  sound  is  responded   to   by   a 
different  part  of  the  membrane,  which  plays  the  part  for  the  time 
being  of  an    imp*  rfectly-isolated  string.      At  right   angles  to  | 
direction  of  tension  there  is  but  little  violation. 

If  the  external  sound  be  complex,  several  such  strips  are  set 
in  motion. 

Musical  Instruments. — For  the  ends  of  musical  art  it  is 
necessary  that  the  vibrating  body  used  as  the  source  of  sound 
should  be  capable,  at  the  will  of  the  performer,  of  producing 
BieJ  .sounds.  In  the  old  Russian  horn-bands  each  player  hail 
only  one  sound  at  his  disposal,  and  by  dint  of  practice  ami  drill 
leaned  to  produce  his  solitary  note  at  the  right  instant ;  but  this 
kind  of  oj.  beaten]  music  is  quite  exceptional. 

We  have  already  s<  11  the  notes  of  the  scale  may  be 

m   the   monochord   by  varying   the   length  of  the   free 

vibrating  pest  of  the  string. 
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Some  Stringed   instruments — the  Lyre,  the  Harp,  the  "\'iolin, 
when  played  pimcato,  the  Banjo,  the  — are  played  by 

plucking  ingB.     In  some  cases — the  Lyre,  the  Harp — the 

number  of  sounds  which  can  be  produced  is  limited  by  the 
number  of  strings  present ;  in  others — the  Banjo,  the  (Juitar — 
each  string  is  made  to  produce  a  number  of  sounds  which  dopes 
upon  the  number  of  frets  by  which  the  finger  of  the  executant  is 
guided  in  shortening  the  string;  in  instruments  of  the  Violin 
class  there  is  no  mechanical  aid  to  the  performer's  lingers,  and  he 
is  left  to  his  own  judgment  as  tn  the  precise  amount  by  which 
any  given  string  should  be  shortened  in  order  that  it  may  emit 
the  particular  sound  of  which  he  has  already  formed  a  mental 
idea.  All  these  instruments  are  provided  with  sounding  boards 
which  increase  the  fru  wl.i.-l,  vibrations  are  communicated 

to  the  air  ;  ami  when  their  strings  are  plooked,  the  sound  pro- 
duced is  of  short  duration  and  rnh  In  high  harmonies,  poor  in 
lower  ones. 

Strings  of  the  Harpsichord  were  plucked  by  quills  which 
were  actuated  by  hammers.  The  sound  was  poor  in  quality,  being 
feeble  in  the  fundamental  tone  and  disproportionately  strong  in 
the  higher  harmonica  ;  and  it  was  feeble  in  intensity  as  compared 
with  the  pizzicato  notes  of  a  violin,  because  the  sounding-board 
was  wanting  in  flexibility  and  had  little  effect  on  the  air. 

The    Pianoforte   contains   very   strong  wire    tightly  stressed  ; 

the   total   Stress   on   a   Broadwoi*  I    pianoforte  exceeds  the 

weight  of  3 6 ',000  lbs. ;  that  on  a  Steinway  ie  72,000  Iba  ,  whence 

the  modern  pianoforte  is,  as  regards  its  framework,  neeessarily  a 

very  much  more  massive  inatromenf  tliau  its  predecessors.     The 

longer  the  string  corresponding  to  a  tote,  and  the  greater 

the  tension   upon   it,  the   more  precisely  will  the  harmonic  tones 

be  in  tune  with  the  fundamental,  and   the  fuller  and  richer  will 

be  the  sound  produced.      The  sound  of  a  piauoforte  string  struck 

in  the  usual  way  is  rich  in  harmonics  up  to  the  sixth  ;   the  seventh 

is  purposely  prevented  by  the  choice  of  the  spot  at  which   tb. 

i  ikes  ;  the  eighth   and  those  beyond   are  feebly  repre- 

itad.      The  sounds  of  the  higher  strings  approximate  in  character 

i  are  tones.     The  compass  of  the  modem  pianoforte  is  from 

=  27-1875)  in  the  thirty-two-feet  octave  to  ***(=S480)I 

even  to  ''"'(  =  4170;.  the  sound  of  pipe  an  imh-and-a- 

I  ii   u   vii.r.u  in  o  pianoforte  -  string   th<...-«'  componoiti  dSwroen  whose 
jm  r  ,  i.!    the  ]«riod  of  contact  betwem  the  hummer  and 
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the  string.      Hence  the  varying  quality  of  tone  obtained  from  the  same  string 
by  hammers  of  different  degreea  of  repair  or  varying  in  the  h.mlneas  or  ell 
softness  of  the  leather,  ox  by  striking  the  pianoforte  keys  in  ilillerent  wins, 
Tin-  slower  tlu-  ttrokO]  tlur  longer  the  contact,  the  greater  the  ilisujipearance 
of  higher  harmonica. 

The  Violin,  whose  strings  are  tuned  to  sg,  V,  of,  e" ',  has  a 
compass  ranging  from  yg  to  about  t" ;  the  Viola  is  tuned  to  V,  y>j, 
V,  a  ;  the  Violoncello  is  tuned  to  ^0,  yG,  \l,  a ;  the  Double-bass 
is  tuned  to  [KJ,  Ait,  *D-v, ;  these  instruments  give  the  strings  of 
the  orchestra  an  aggregate  compass  of  from  E  (  or  A/t  to  about  c"",  or 
about  seven  octaves.  In  the  Violin  three  strings  are  of  catgut ;  their 
pitch  depends  upon  their  thickness;  the  fourth  string  is  weighted 
by  a  spiral  of  silver  wire — an  arrangement  which  to  a  great  degree 
obviates  rigidity.  The  belly  of  the  violin  acts  as  a  souuding- 
boarcl  The  air  in  the  cavity  aids  in  the  resonance  and  improves 
the  tone,  for  it  is  easily  forced  to  take  up  the  vibrations  of  the 
solid  parts  of  the  instrument,  especially  those  component  vibrations 
which  arc  already  the  most  prominent ;  and  this  action  of  the 
internal  air  is  important,  as  may  be  found  on  covering  the/  holes 
with  tissue  paper,  for  then  the  tone  of  the  instrument  is  materially 
deteriorated  The  quality  of  the  tone  is  found  also  to  depend 
greatly  upon  the  empirical  form  of  the  brid 

Transverse  vibrations  of  reeds  are  utilised  in  the  Musical  Box  : 
reeds  of  various  lengths  are  struck,  vibrate  in  the  free  air,  and 
produce  sound  of  little  intensity.  In  the  Harmonium  and  Con- 
certina the  passage  of  air  from  a  bollowi  into  a  resonating  air- 
chamber  is  obstructed  by  reeds,  which  almost  completely  close 
the  air  passage.  The  pressure  accumulates  and  bends  the  reed ; 
the  air  escapes  and  the  pressure  is  relieved;  the  reed  returns  and 
swings  past  its  mean  position,  again  to  be  driven  outwards.  The 
vibration  of  such  reeds  contain,  as  harmonics,  tones  bearing  to  the 
fundamental  the  ratios  J,  f,  *j6,  etc.  Such  reeds  vibrating  in  the 
open  air  produce  very  little  sound :  the  air  of  the  resi 
cavity  acts  as  intermediary,  and  communicates  the  vibration  by  a 
broader  surface  to  the  external  air. 

In  Mr.  Baillie  Hamilton's  String-organ  very  various  quali- 
ties of  rich  and  full  tone  are  produced   by  connecting  in  vari 
ways  a  TlbratfaQJ   Peed  with  a  string  stretched  over  a  souuding- 
hoard. 

In  reed  organ-pipes  a  reed  vibrates  at  the  bottom  of  a  tube, 
the  r:i\  itv  of  which  it  alternately  opens  to  and  closes  against  | 
access  of  air  from   the  wind-chest:  the  air  in  the  cavity  of  the 
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organ-pipe  resounds  to  the  vibration  of  the  reed,  and  does  this 
most  loudly  when  its  own  natural  pitch  coincides  with  the  pitch 
of  the  reed.  The  Clarionet,  the  Oboe,  the  Bassoon,  are  instruments 
of  this  order  ;  in  thein  as  in  the  organ-pipe  the  reed  must  be  cut 
to  a  proper  size :  but  each  can  produce  several  tones,  for  the 
vibration  of  a  reed  made  of  cane  is  more  irregular  than  that  of  a 
metal  reed,  and  as  the  size  of  the  resonating  air-cavity  can  bo 
altered  by  manipulating  the  finger-holes  and  keys,  to  each  altered 
size  of  the  resonating  cavity  there  corresponds  a  different  note  or 
component  of  the  motion  of  the  reed,  which  the  tube  is  capable 
of  selecting,  and  to  which  it  resounds. 

In  the  ordinary  Orgau-pipe  a  sheet  of  air  is  blown  across  the 
of  the  pipe,  and  vibrates  like  an  invisible  reed  just 
outside  the  pipe :  the  air  inside  is  set  in  vibration.  The  pitch 
of  the  sound  produced  by  it  is  not  so  high  as  we  might  be  led  to 
infer  from  the  dimensions  of  the  column  of  air  in  the  pipe,  its 
elasticity,  and  its  density  alone  :  the  reason  is  that  the  column  of 
n  in  the  pipe  is  not  an  isolated  mass  of  air.  While  vibrating 
it  has  at  its  extremity  to  thrust  aside  the  surrounding  air  at  each 
expansion ;  the  inertia  of  the  surrounding  air  hampers  the  vibra- 
tion, and,  as  it  were,  loads  and  retards  the  vibrating  column. 

Nodes  in  an  organ-pipe  may  be  demonstrated  by  Koenig's 
manometric  capsules  attached  to  the  sides  of  the  pipe.  Near 
the  centre  of  an  open  pipe  there  is  a  node,  a  maximum  of  varia- 
tion of  density,  and  hence  the  air  at  the  node  is  alternately 
squeezed  together  and  relaxed,  the  membrane  of  the  manometric 
capsule  placed  at  the  node  will  vibrate,  and  the  flame  will  either 
be  extinguished  or  will  present  variations  of  height. 

It  an  organ-pipe  be  strongly  blown,  the  sound  will  rise 
slightly :  if  the  force  of  the  current  exceed  a  certain  amount,  the 
sound  suddenly  breaks  into  the  upper  octave — a  phenomenon 
familiar  to  flute-players — and  near  the  centre  of  the  pipe  is  now 
a  loop,  while  there  are  now  two  nodes.  Hence,  in  a  pipe  so  over- 
Mown,  the  manometric  capsule  fixed  at  a  point  near  the  centre 
almost  ceases  to  indicate  variations  of  density,  and  the  flame 
remains  almost  steady :  never  absolutely  so  in  practice,  for  there 
is  not  even  any  one  point  at  the  centre  of  any  loop  at  which  all 
variations  of  pressure  entirely  vanish. 

If  a  pipe  be  rilled  with  hydrogen  the  sound  produced  is 
nearly  two  octaves  above   that   produced    by  air   at  the   same 

temperature;  for  the  velocity  of  the  sound-waves  is  */  - —  (p.  342) ; 
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K  is  the  same  in  all  gases,  and  in  the  case  of  hydrogen 
p=  -  x  the  density  of  air;  whence  the  frequency  of  vibra- 
tion in  hydrogen  is  to  that  in  air  as  1  :  v/l4*47  =  1 :  3*8021 
or : :  0  z*b  +. 

If  the   barometric    pressure  vary,  the   pitch   is   unaffected  : 


for 


JX.J* 


—  j   hut  the  density  p  increases   or  diminishes 

V 
pari  passu  with  the  pressure  p :  thus  —  is  constant,  the  velo< 

is  constant,  and  the  pitch  is  constant. 

If  the  temperature  0  vary,  the  ratio  of  K  to  p  is  disturbed. 

pr  <*■  6  :  pv  =  — ;    whence  —  ^  6  and   velocity  =  \J  — *  v  6. 

The  pitch  varies  as  the  square  root  of  the  absolute  temperati: 
A  pipe  which  gives  a  sound  a/ =435  at  the  temperature  of  10 
(J.  will  vibrate  4411*79  times  per  second  at  the  temperatui. 
25°  C,  for  as  \/~2%S  :  \/298  : :  435  :  44679  :  the  pitch  is  thus 
sharpened  in  the  ratio  1:1*027105,  or  more  than  two  commas; 
while  the  reeds  are  affected  to  a  very  much  less  degree,  and  thus 
an  organ  tuned   in  a  cool  room  becomes  discordantly  out  of  turn- 
with  itself  when  the  room  becomes  warm. 


Problem. 

Of  what  length  should  an  organ-pipe  be  which  sound*  C,  at  0*  C.  and 
760  mm.  bar.  pressure  ?     C,  =  32C2o  vibrati 


I 


1       //II 
2;iV     p 


l"  2l\     p  ~2l  V 


m 


1 

'  65*98  ' 


x  1033x981 


=  508*7  centimetres. 


A  pipe  "f  this  length  really  jjjives  a  sound  somewhat  lower  than  C  ;  tin* 
wider  the  pipe  the  lower  the  pitch,  A  C/-pfpa  is  called  a  16-foot  pipe, 
though  really  somewhat  longer. 

The  common   Flute,  the   Bife,  tli-     Piccolo,  the  Flageolet, 
modifications  of  the  open  organ-pipe:  the  size  of  the  fib 
column  of   air   is   altered    in   the.se  instruments    by  opening    or 
closing   lateral   BJMpty&im       in   the    Flageolet   the   mouthpu 
so  constructed  that  the  stream  of   air  cannot  but  pass   in  the 
direction  empirically  found  to  produce  the  best  sound  :   in  the 
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Flute,  Fife,  and  Piccolo  the  direction  of  the  exciting  stream  of  air, 
and  to  some  extent  the  corresponding  quality  of  tone,  and  even 
the  pitch,  are  under  the  control  of  the  player. 

Brass  instruments  vary  in  shape  from  the  Bugle  (conical 
from  mouthpiece  to  bell)  bo  the  Trumpet  (slowly-widening  tube 
and  suddenly -widening  bell),  with  the  intermediate  forms,  the 
Cornet  and  the  French  Horn.  The  lips  of  the  player  are  made 
to  vibrate :  the  cavity  of  the  instrument  resounds.  The  scale  of 
the  instrument  is  confined  to  harmonics,  which  are  obtained  by 

method  and  force  of  blowing  and  the  tension  of 
lips ;  but  since  the  size  of  the  cavity  of  the  instrument  may  be 
modified,  any  tone  of  the  scale  within  the  compass  of  the  instru- 
ment may  be  brought  in  as  a  harmonic  of  some  fundamental 
note.  The  size  of  the  cavity  may  be  modified  by  slides,  as  in 
Trombones — instruments  which  are  capable  of  giving  pure  inton- 
ation ;  by  pistons  which  lengthen  the  tube  by  predetermined 
amounts,  as  in  the  Comet  and  Cornopean,  the  Euphonium,  and 
Bombardon;  by  levers  which  shorten  the  tube,  as  in  the  Ophick  > 
In  some  cases,  however,  as  in  the  French  Horn  and  Trumpet,  the 
instrument  is  confined  to  one  note  and  its  harmonics;  but  it^ 
cavity  may  be  altered  in  size  by  the  addition  of  additional  pieces 
tubing  or  "crooks,"  whose  dimensions  are  so  adjusted  as  to 
cause  the  fundamental  tone  of  the  instrument  to  change  by  an 
interval  predetermined  for  each  crook ;  and  the  note  produced 
may  be  to  some  extent  modified  both  in  pitch  and  in  quality  by 
the  action  of  the  lips,  and  of  the  right  hand  ;  n  the  bell  or 

the  open  month  of  the  instrument. 

•  pitch  of  these  instruments  is  that  of  an  open  pipe. 
Their  tone  is  rich  in  quality  and  full  of  high  harmonics;  and 
though  we  are  inclined  to  associate  their  peculiar  quality  with 
metal,  it  depends  only  on  the  form  of  the  internal  cavity  and  of 
the  bell  month,  not  on  the  material  of  the  walls  of  the  instrument, 
provided  that  these  be  rigid.  A  cornet  sound  will  be  produced 
by  a  cornet-shaped  tube  of  guttapercha  if  the  tube  be  so  thick  as 
to  be  rigid. 

Stopped  Organ-Pipes. — A  longitudinal  column  "fair steadied 
at  dd  vibrate  at  one  half  the  rate  of  a  column  free 

to  expand  at  both  ends;  but  a  stopped  orjan-pipe  does  D 
as  this  rule  would  indicate,  the  octave  of  the  open  pipe  of  the 
same  length,  but  its  seventh,  or  even  its  minor  seventh.     When 
it  breaks  into  harmonics  in  the  same  way  as  an  open 
pipe  does. 
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Other  Sources  of  Sound — Singing  and  Sensitive  Flames. 
— A  tube  terminating  iii  a  blowpipe -nozzle  is  connected  with 
the  gas  supply :  the  gas  is  ignited  at  the  nozzle,  and  a  small 
rlarae  is  thus  produced.  This  flame  is  slowly  passed  up  a  wide 
glass  tube,  such  as  an  Argand  lamp-cylinder.  At  some  particular 
position  in  the  tube  the  flame  alters  its  character  and  begins  to 
sound  forth  a  note  somewhat  higher  than  the  natural  note  (in 
cool  air)  of  the  tube  itself ;  or,  should  it  not  spontaneously  burst 
into  song,  it  may  be  induced  to  do  so  by  singing  to  it  a  note 
whose  pitch  is  nearly  that  which  it  will  emit  when  in  action. 
When  the  action  has  commenced,  the  flame  is  found,  as  by 
observation  with  a  rotating  mirror,  to  be  alternately  extinguished 
and  rekindled ;  its  image  appears  to  be  broken  up  into  separate 
beads.  A  flame  of  hydrogen  is  prompter  in  its  action  than  a 
flame  of  coal  gas  ;  for  it  excites  more  disturbance  in  the  column 
of  cool  air  surrounding  it.  When  the  action  has  commenced, 
the  vibrations  of  the  flame  and  of  the  column  of  air  react  on  one 
another. 

The  flame  must  be  of  a  certain  height  adapted  to  each  size  of 
tube.  If  the  apparatus  be  arranged  so  that  the  flame  stands 
about  one-quarter  up  the  tube,  and  if  the  height  of  the  flame  be 
carefully  altered  by  slowly  turning  the  controlling  gas-tap,  it  will 
be  found  that  at  a  certain  definite  height  of  flame  the  action  will 
spontaneously  commence,  doing  so  with  small  initial  intensity, 
while,  when  the  gas-flame  is  lowered  to  one-half  of  this  enVr 
height,  the  sound  breaks  into  the  octave  above. 

When  a  jet  of  gas  is  allowed  to  flow  vertically  upwards  und<r 
a  pressure  of  about  ^  inch  of  water,  through  a  fine  vertical-jet. 
above  which  a  sheet  of  fine  wire-gauze  is  arranged  horizontally 
at  a  distance  of  about  2  inches,  the  gas  may  be  lit  on  the  upper 
side  of  the  wire-gauze,  through  which  the  flame  will  not  descend. 
The  distance  of  the  jet  from  the  gauze  may  be  so  adjusted  that 
the  flame  is  yellow  at  the  tip,  and  at  the  tip  only.  The  flame  is 
now  a  sensitive  flame,  and  responds  by  sinking  down  to  the 
gauze  when  sound- waves  strike  it.  If  it  be  surrounded  by  a 
wide  tube  it  will  sing  spontaneously.  If,  while  the  'flame  is  so 
surrounded,  the  gas  be  turned  down  until  the  singing  just  ceases, 
the  flame*  becomes  extraordinarily  sensitive  to  all  very  high  sounds, 
such  as  hissing,  the  rattling  of  keys,  etc.,  and  it  sings  loudly  as 
long  as  these  stimuli  are  maintained.  A  simple  flame  issuing 
from  an  exceedingly  narrow  steatite  burner,  under  a  very  great 
pressure  of  gas  ("  10  inches  of  water"),  is  sensitive  to  sounds  too 


XIV.] 


PROPAGATION  OF  SOUND. 


421 


acute  to  be  perceptible  to  the  human  ear;  it  altera  its  form 
under  their  influence. 

Trevelyan's  Rocker. — A  mass  of  lead  so  shaped  as  to  rest 
upon  two  long  but  very  narrow  linear  feet  Placed  upon  a  hot 
body,  the  points  of  contact  of  the  rocker  with  the  hot  body  are 
suddenly  expanded  by  heat ;  the  rocker  is  jerked  upwards ; 
before  it  has  fallen  back  the  heated  points  have  cooled  and  re- 
turned to  their  normal  dimensions.  The  process  is  repeated. 
The  whole  oscillates  rapidly  .and  makes  a  humming  noise. 

Radiophony. — "When  a  beam  of  light  or  radiant  heat  falls 
upon  a  body  capable  of  absorbing  heat,  that  body  becomes 
warmed  and  expands.  A  flash  of  light  produces  an  instantaneous 
expansion,  which  immediately  dies  away.  An  intermittent  beam 
produces  a  succession  of  expansions  and  contractions ;  in  other 
words,  the  surface  of  the  body  vibrates.  The  amplitude  of  its 
movement  may,  with  beams  of  light  of  moderate  intensity,  exceed 
the  ten -millionth  part  of  a  centimetre.  Lord  Rayleigh  has 
shown  that,  this  amplitude  is  sufficient  for  the  production  of 
sound  ;  and  the  power  of  converting  the  energy  of  an  intermittent 
beam  of  light  or  radiant  heat  into  that  of  sound  has  l>een  shown 
hum  \)v.\\  to  belong  to  all  matter,  with  a  lew  doubtful 
exceptions. 

If  an  intermittent  beam  be  focussed  upon  a  mass  of  lamp- 
black, at  each  flash  of  light  it  becomes  warm,  and  the  air  within 
it  is  dilated ;  if  it  be  contained  in  a  test  tube  the  open  end  of 
which  is  connected  with  the  ear  by  an  indiarubber  tube,  as  the 
successive  flashes  produce  successive  dilatations  and  pulses  in 
the  air,  these  pulses  are  perceived  by  the  ear  as  sound  ;  if  the 
lampblack  be  contained  within  a  resonator,  the  frequency  of 
whose  natural  vibration  is  equal  to  that  of  the  frequency  of  suc- 
cession of  the  flashes,  the  resonator  emits  a  loud  sound,  audible 
at  a  distil 

Propagation  of  Sound. 

Propagation  of  Sound  occurs  in  all  elastic  media,  and  is 
effected  by  waves  of  alternate  Compression  and  Rarefaction. 

Propagation  of  Sound  in  Solids. — Sound  being  a  vibra- 
tion is  propagated  along  the  ground ;  we  may  put  our  ears  to 
the  ground  to  listen  for  distant  railway  trains,  distant  vehicles, 
distant  firing  or  marching.  It  is  conducted  along  wood,  as  in 
the  ordinary  stethoscope;  or  in  the  experiment  of  closing  the 
teeth  upon  a  long  piece  of  wood,  to  the  other  end  of  which  an 
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assistant  holds  a  vibrating  tuning-fork  ;  or  of  causing  a  long  strip 
of  wood  to  rest  by  one  end  against  the  panel  of  a  door,  the  other 
end  being  in  contact  with  a  vibrating  tuning-fork, — the  vibration 
in  this  case  being  communicated  to  the  panel,  wlrich  acts  as  a 
BOIlDdixig-baftid,  and  itself  sounds  out  loudly.  Sound  is  con 
by  wires ;  taps  on  a  telegraph  wire  are  audible  at  a  great  distance 
to  an  ear  applied  to  the  wire,  provided  that  there  be  no  interven- 
ing tunnel  or  bridge  to  form  a  resonating  cavity  and  to  absorb 
the  energy  of  the  vibration.  In  the  Wire  Telephone  the  central 
points  of  two  stretched  membranes  or  boards  of  thin  wood  are 
connected  by  a  long  wire,  which,  if  sufficiently  heavy  and  tense, 
may  be  suspended  from  posts,  or  even  stretched  upon  carpet 
bent  round  corners,  and  may  thus  serve  the  purposes  of  domesti  • 
telegraphy.  When  sound-waves  impinge  upon  one  membrane  of 
the  wire  telephone,  as  when  it  is  directly  spoken  at,  the  complex 
motion  of  the  air  is  transferred  to  the  membrane :  by  the  mem- 
brane it  is  transferred  to  the  wire ;  by  the  wire  Lo  the  second 
membrane;  by  that  membrane  to  the  air,  and  by  this  to  the  ear 
of  the  distant  listener.  A  slender  apparatus  of  this  kind,  consist- 
ing of  two  parchment  membranes  stretched  on  rings,  with  an 
intervening  silk  thread,  is  sold  as  a  toy  under  the  name  of  the 
lover's  telegraph. 

Propagation  in  Liquids. — Divers  while  under  water    ! 
the  sound  of  waves  beating  against  the  shore.      A  tumbler  of 
water  standing  on  a  resonance  box,  if  the  handle  of  a  vibrating 
tuning-fork  be  dipped  in  the  water,  will  convey  the  vibratiou  to 
the  resonance  box,  the  air  in  which  will  resound.     An  inverted 
bell  filled  with  water  and  set  in  vibration  will  cause  the  water 
to  assume  beautiful  wave-forms — an  experiment  which  may  be 
performed  with  an  inverted  propagating-glass  set  in  vibra. 
a  wetted  finger  drawn   round   its  edge,  or  with  a  capacious  wim- 
glass  set  in  vibration  with  a  violin  bow.     In  the  latter  case 
interest  of  the  experiment  is  increased  by  substituting  for 
water  some  strongly  -  alcoholic  liquid;  the  agitation    breaks   the 
surface  of  the  liquid  into  drops  which,  by  evaporation,  lose  BO 
alcohol  and  dance  on  the  surface  of  the  vibrating  liquid. 

An  organ-pipe  may  be  blown  by  water  under  water;  the 
water  vibrates  in  the  place  of  air. 

Propagation  in  Air  and  other  Gases. — In  general,  sound 
travels  in  air  in  concentric  spherical  waves.  If  it  be  restricted 
to  tubes,  the  waves  may  become  plane-fronted. 

Though  these  waves  are  invisible  their  existence  is  bey- 
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•  imibt,  for  when  they  strike  any  solid  object  they  produce 
mechanical  effects,  and  the  phenomena  of  sound,  so  far  as  these 
depend  upon  propagation  through  the  air,  obey  the  laws  of  wave- 
motion. 

The  breaking  of  glass  windows  by  the  discharge  of  artill> 
the  destruction  of  the  drum  of  the  ear  which  has  lieen  known  to 
be  caused  by  the  explosion  of  dynamite,  the  destruction  of  property 
by  the  explosion  of  a  gunpowder  magazine]  are  only  exaggerated 
instances  of  that  conveyance  of  energy  by  the  air  which  is  asso- 
1  with  the  production  of  sound.  In  Edison's  Phonomotor  l 
membrane  is  stretched  over  a  frame ;  at  its  posterior  aspect  it  is 
connected  with  a  broad  hook  which  rests  on  the  broad  margin  of 
a  heavy  wheel :  the  margin  of  this  wheel  is  provided  with  small 

-jhnesses  so  shaped  that  it  is  easy  for  the  broad  hook  to  slip 
in  one  direction,  but  in  one  direction  only ;  on  its 

•  rn  it  is  caught  in  the  small  teeth  and  tends  to  pull  the  wheel 
round  The  membrane  is  spoken  at;  it  trembles;  the  hook 
catches  some  of  the  teeth ;  on  its  return  it  gives  an  impulse  to 
the  wheel;  continuous  sound  causes  the  wheel  to  rotate,  and  this 
with  considerable  speed  and  power ;  and  if  a  little  crank  be  fixed 
to  the  rotating  wheel,  the  energy  of  the  human  voice  may  be 
made  to  perform  obvious  mechanical  work. 

i n«  1 -waves  in  air  are  amenable  to  the  laws  of  ordinary  tridi- 
mensional Wave-motion  already  discussed. 

In  Figs.  43-48  we  find  curves  whose  forms  depend  upon  the 
assumption  that  when  two  vibrations  concur,  the  amplitude  of  the 
resultant  is  obtained  by  addition  of  the  amplitudes  of  the  com- 
ponents. To  a  first  approximation  this  is  true,  but  it  leads  to 
a  curious  result.  If  the  amplitudes  and  periods  of  two  vibrations 
be  equal,  the  resultant  vibration  (Fig.   44),    ha-,  ice  the 

aptitude,  will  have  four  times  the  energy  of  either;  the  motions 
cannot  be  so  superposed  without  a  draft  of  energy  from  else- 
where. If  two  equal  waves  arrive  in  the  same  phase  at  the 
entrance  of  the  same  channel,  there  is  found  to  be  reflexion  of  a 
negative  wave  from  the  mouth  of  that  channel 

perposition  of  vibrations  is  familiar  in  Acoustics  as  a  cause 
of  Beats.  Two  tuning- forks  or  reeds  are  brought  into  exact 
unison ;  they  emit  jointly  a  smooth  sound.  Suppose  their  pitch 
to  be  c*  =  o'2'2.     Load  one  with  wax  until  it  vibrates,  say,  ">2t 

i £8  per  second.      Once  in  the  course  of  a  second  they  will  aid 

r,   and    their   action   on   the    air   at   any  given   spot 

coincides;  once  in   the  course  o\  od   th*v  will  thwart 
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one  another ;  their  joint  effect  will  be  an  alternate  fading -away 
and  swelling -out  of  the  sound ;  but  the  pitch  of  that  sound 
will  be  521^  vibrations  per  second.  As  the  loading  of  the  one 
fork  increases,  the  beats  increase  in  number  until  they  become 
too  rapid  to  be  counted ;  but  before  this  occurs  the  two  notes 
have  ceased  to  be  blended  into  one  note  of  average  pitch,  and  the 
effect  is  that  of  a  painful  discord. 

The  easiest  as  well  as  the  most  accurate  way  of  tuning  a 
fork  to  a  given  note  is  to  have  at  hand  a  standard  fork  which 
makes  four  vibrations  less  per  second  than  correspond  to  that 
note;  then  adjust  the  fork  to  be  tuned  until  it  makes  exactly 
four  beats  per  second  with  that  artificial  standard. 

Diffraction. — Sound-waves  have  in  general  the  properties 
of  waves  whose  wave-length  is  not  small  in  comparison  with  the 
apertures  through  which  they  pass,  the  surfaces  by  which  they 
are  reflected,  or  the  obstacles  round  which  they  flow.  A  sound- 
wave coming  through  a  chink  would  suffer  great  lateral  diffraction, 
as  shown  in  Fig.  56 ;  and  the  effects  of  obstacles  intervening  in 
the  path  of  a  wave  of  sound  may  not  be  such  as  even  to  produce 
a  sound -shadow.  If,  however,  the  apertures,  or  surfaces,  or 
obstacles  in  question  be  very  large  in  comparison  with  the  wave- 
length, there  may  be  true  sound-shadows  and  limited  beams  of 
acoustic  disturbance,  reminding  us  of  the  shadows  and  beams  of 
light  met  with  in  optics.  The  air -waves  produced  by  the  note 
C  (=  64)  have  a  length  of  (33,200  -r-  64  =)  51875  cm.,  or 
between  1 6  and  1 7  feet ;  those  produced  by  the  note  <!""  have 
a  length  of  about  an  inch  and  a  half.  When  a  mixture  of  long 
waves  and  ripples  strikes  an  obstacle,  the  long  waves  may  pass 
round  it,  while  the  obstacle  may  intercept  the  ripples,  for  rela- 
tively to  these  it  may  be  wide  enough  to  cast  a  sound-shadow. 
Thus  the  sound  of  a  brass  band  suddenly  changes  in  quality 
when  the  band  comes  round  a  corner  into  sight  It  is  plain  that 
for  acoustic  purposes  all  the  auditors  at  a  concert,  though  they  are 
not  absolutely  prevented  from  hearing  by  not  seeing  the  per- 
formers, ought  to  be  in  full  view  of  the  orchestra. 

It  sometimes  happens  that  a  person  at  the  same  level  as  a 
source  of  sound,  and  in  full  optical  view  of  it,  hears  nothing :  the 
sound-waves,  passing  through  strata  of  different  density,  curve 
upwards,  and  being  very  broad  present  no  diffraction,  and  pass 
over  the  head  of  the  observer,  who  may  again  come  within  their 
range  by  elevating  his  position.  This  occurs  when  tin  upper 
strata  are  cooler;  when  they  are  warmer,  the  sound  descends. 
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i  of  Sound  follows  the  ordinary  laws  of  the  reflexion 
of  waves.  Sound  can  be  reflected  by  a  mirror ;  a  high-pitched 
bell  ringing  round  the  corner  of  a  house  can  be  rendered  audible 
by  a  sufficiently -large  mirror  placed  at  a  proper  angle.  If  a 
stretched  sheet  of  tracing-paper  be  placed  at  the  same  angle  it 
will  reflect  a  proportion  of  the  sound  and  transmit  some  of  it*  A 
dry  handkerchief  will  transmit  a  considerable  amount  of  sound  ; 
so  will  even  a  half-inch  layer  of  felt ;  but  if  wetted  these  become 
better  reflectors,  while  they  become  almost  impervious  to  sound. 
The  reflexive  power  of  flame  is  nearly  the  same  as  that  of  tracing- 
paper  ;  and  hot  air  above  a  gas-flame  can  reflect  sound  almost  as 
well  as  the  gas-flame  itself.  In  clear  weather  the  air  is  rarely 
uniform ;  there  are  ascending  and  descending  currents  of  hotter 
and  colder  air ;  at  each  surface  of  each  of  these  sound  is  partly 
reflected,  partly  transmitted,  and  so,  ere  long,  it  is  wholly  dissipated. 
Sound  is  often  heard  better  in  foggy  or  even  in  rainy  or  snowy 
weather  than  in  clear,  for  then  the  air  is  more  uniform.  Sound 
coming  through  a  fog  (vesicles  or  minute  drops),  or  a  shower  of 
rain,  or  a  shower  of  snow,  must  be  to  a  certain  extent  lost  by 
repeated  reflexion ;  but  this  effect  is  often  balanced  by  the  in- 
crease of  intensity  arising  from  the  concentration  of  the  waves  in 
the  narrowed  channels  between  the  drops  or  flakes. 

In  many  buildings  there  are  whispering  galleries  or  places 
where  a  faint  whisper  uttered  at  a  particular  spot  is  heard  at  a 
distant  part  of  the  edifice.  This  phenomenon  may  arise  in  two 
ways : — (1)  Reflexion  from  the  vaulted  roof,  which  acts  like  a  con- 
cave mirror  and  causes  the  waves  received  by  it  to  converge  after 
reflexion  upon  a  particular  focus — a  phenomenon  very  common 
in  ellipsoidal  roofs,  a  whisper  uttered  at  one  focus  of  the  ellipsoid 
being  reflected  to  the  other  focus,  and  distinctly  heard  there ;  a 
similar  phenomenon  also  occurring  in  elliptical  rooms  where  the 
sound  is  reflected  by  the  walls :  or  (2)  by  the  sound  undergoing 
successive  reflexions,  and  thus  travelling  round  the  walls. 

Reflexion  of  sound  is  familiarly  illustrated  by  the  Echo. 
Sound  striking  a  broad  cliff  or  wall  is  reflected,  the  reflected 
waves  sometime  travelling  with  singular  absence  of  diffraction 
and  precision  of  direction.  If  a  person  can  utter  ten  syllables 
per  second,  and  if  he  speak  loudly  at  that  rate  in  presence  of  a 
cliff  or  high  wall  directly  opposite  him  and  at  a  distance  of  1660 
cm.  (55  feet),  just  as  he  is  commencing  the  second  syllable  the 
reflected  sound  of  the  first  syllable  begins  to  arrive  at  his  ear,  and 
at  the  instant  when  he  ceases  to  speak  the  sound  of  the  last 
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syllable  begma  to  be  heard  ;  the  sound  travels  to  the  cliff 

and  back  during  the  tenth  pait  of  a  second.  If  the  cliff  were 
3320  cm.  distant,  the  speaker  would  hear  two  syllables  repeated. 
When  sound  is  re-echoed  from  cliff  to  cliff,  or  to-and-fro  between 
two  smooth  walls  directly  opposite  to  one  another,  the  result  may 
be  a  multiple  echo,  which  repeats  a  sound  several  times.  The 
roll  of  thunder  is  partly  due  to  multiple  reflexion  from  cloud  to 
cloud,  partly  to  the  varying  distance  of  the  points  of  disturbance, 
and  the  successive  breaking  on  the  ear  of  sound-waves  produced 
along  a  long  line. 

When  the  distance  of  the  reflecting  surface  from  the  source 

of  sound  is  too  small  to  produce  n  distinct  and  separate  echo,  the 

echo  may  be  heard  merely  as  a  reinforcement  of  the  sound  pro- 

1;   whence  the  practice  of  placing  sounding  Inmrds  behind 

and  above  pulpits  and  orchestras. 

The  action  of  the  Ear-trumpet  depends,  in  the  first  place,  m 
multiple  reflexion;  sound-waves  on  their  arrival  BIB  redacted  by 
the  bell  into  the  tube ;  then  they  travel,  plane-fronted  or  nearly 
so,  down  the  tube  to  the  ear,  UflJUOWing  in  breadth  and  increasing 
in  intensity  as  they  do  so. 

Refraction  of  Sound. —  If  a  lens  be  constructed  of  two  large 
sheets  of  collodion  cemented  together  at  their  edges  aud  inflated 
witb  carbonic  acid,  sound-waves  diverging  from  a  watch  placed  at 
one  side  of  this  lens  may,  after  passing  through  it,  converge  upon 
a  focus  on  the  other  side  of  it ;  this  shows  that  refraction  occurs 
when  the  sound-waves  enter   the   denser  gaseous  medium,  the 

Interference  of  Sound. — If  A  and  R  in  Fig.  75  n 
the  position  of  two  tuning-forks  kept  accurately  in  unison 
driven  by  the  same  interrupted  electric-current,  the  ear.  placed 
successively  at  a',  I/,  <Jt  etc.,  perceives  alternate  sound  and  silence. 
The  same  occurs  when  A  and  li  in  that  figure  represent  aj>er- 
tures  in  the  side  of  a  padded  box  within  which  an  organ-pi]»e  or 
bell  is  caused  to  produce  sound. 

Velocity  of  Sound. — There  is  but  little  int'ormatiiin  as  u»  the 
properties  of  sound-waves  travelling  in  a  substance  whose  elasticity 
is  not  the  same  in  all  directions. 

In  Beotefa  tir  the  longitudinal  propagation  in  more  rapid  than  that  acroM 
the  fibres  of  the  wood  in  the  rati"  of  T>  :  4  ;  beaoe  sound -waves  in  tliat  wood 
must  be  spheroidal.     This  is  ascertained  by  observing  the  form  of  the  nodal 
:n  |  vi J. rating  plate  of  that  WOOtL 

In   practice  we  meet  with  spherical  waves  such  as  those  in 
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the  air,  and  plane-fronted  wares  such  as  those  which  run  along 
wires.     In  general  the  propagation  of  sound  is  amenable  to  the 

law  r  «  \l  —-     TOiere  the  compression  produced  by  the  wave 

as  it  runs  has  little  or  no  effect  upon  the  temperature  of  the 
medium,  as  in  the  case  of  solids  and  liquids,  the  velocity  of 
sound  is  appreciably  equal  to  *fK;pi  where  heat  is  developed 
by  the  compression,  as  in  gases,  and  the  heat  so  developed  has  no 
time  to  be  appreciably  conducted  or  radiated  away  from  the  com- 
pressed part  of  the  wave,  the  velocity  of  sound  is  equal  to 
vkKfp,  where  A-  is  the  ratio  between  the  two  specific  heats. 

The  velocity  of  sound  in  Solids  may  be  found  by  determining 
the  pitch  of  longitudinal  vibrations  set  up  in  long  thin  rods.  The 
length  of  the  rod  is  half  a  wave-length,  X/2  ;  the  pitch  gives  n,  the 
number  of  vibrations  per  second ;  the  equation  r  =  n\  gives  the 
velocity  of  sound  in  cm.  per  second. 

The  velocity  of  sound  in  Liquids  may  be  determined  by  direct 
experiment,  as  by  sounding  a  bell  under  water,  and  by  listening 
at  a  distant  station  for  the  arrival  of  the  sound,  the  precise 
instant  of  the  production  of  which  is  signalled ;  or  by  comparing 
the  pitch  of  organ-pipes  blown  in  different  liquids. 

The  formula  v  =   ^K/P  gives  for  water  the  velocity  of  143,900  cm.  per 
second,  for  K  =  2-07  x  1010  and  p  =  1  ;  the  observed  value  is  148,900  cm. 

The  velocity  of  sound  in  Gases — as,  for  example,  air — has  been 
directly  determined  by  firing  cannon  at  a  known  distance,  and  by 
observing  the  interval  of  time  which  elapses  between  seeing  the 
flash  and  hearing  the  report  The  objections  to  this  method  are 
that  such  violent  concussions  as  those  of  cannon  produce  aerial 
vibrations  which  can  be  shown  to  travel  faster  than  disturbances 
of  less  intensity,  and  that  the  velocity  is  not  equal  in  all  direc- 
tions round  the  cannon  or  at  all  distances  from  it 

The  length  of  an  organ-pipe  producing  a  note  of  a  given 
pitch  has  been  taken  as  a  means  of  measurement  The  column 
of  air  in  the  pipe,  if  it  vibrated  alone,  would  be  half  a  wave-length 
in  length ;  but  the  air  is  not  isolated ;  the  sound  actually  pro- 
duced is  graver  than  that  corresponding  to  an  isolated  column 
of  air,  and  the  velocity  so  measured  is  not  even  approximately 
correct. 

On  similar  principles  the  length  of  a  pipe  closed  at  one  end 
and  subjected  at  the  other  to  the  aerial  impulses  derived  from  a 
vibrating  tuning-fork — this  length  being  so  adjusted  by  a  movable 
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piston  that  the  air  in  the  tube  resounds  its  loudest — is  taken  as 
\/4,  and  the  velocity  of  sound  is  again  obtained— only  approxi- 
mately, however  (Fig.  149). 


Fir.itf. 


Flf.150. 


The  velocity  of  sound  in  air  may  also  be  determined  by 
methods  based  on  interference.  At  A  (Fig.  150)  sound  enters ; 
the  waves  pass  along  the  two  channels  B  and  C  to  E.  B  can  be 
lengthened;  it  is  lengthened  until  no  sound  is  heard  at  E;  B  is 
now  half  a  wave-length  longer  than  (J.  At  E  may  be  placed  the 
ear,  a  resonator,  a  manometric  capsule,  or  any  other  indicator  of 
sound-waves. 

No  energy  passes  clown  DE  when  no  sound  is  heard  at  E  :  the  waves  are 
reflected  at  D  and  pass  back  to  A,  the  B- waves  returning  along  C,  the  C-wavea 
along  B  ;  they  arrive  at  A  in  the  Bame  phase.  Even  if  they  arrive  at  D  in 
the  same  phase  and  pass  on  to  E,  there  must  be  reflexion  of  a  negative  wave 
from  D  along  B  and  C 

A  glass  tube  vibrating  longitudinally  will  emit  a  sound ;  the 
length  of  the  glass  is  half  a  wave-length.  If  the  tube  contain 
air,  the  air  will  be  set  in  vibration  ;  but  it  must  divide  itself  into 
segments,  each  half  as  long  as  an  air- wave  corresponding  to  the 
same  tone.  Finely-powdered  silica  placed  in  the  tube  will  be 
distributed  by  the  vibrating  air  in  such  a  way  as  to  accumulate 
at  the  nodes  of  the  aerial  vibrations.  The  number  of  air-segments 
thus  indicated  shows  the  comparative  speed  of  waves  in  air  and 
in  glass.     This  is  Kundt's  method. 

The  theoretical  value  for  the  velocity  in  air  is  found  from  the 
equation  v  =  vifeK/p,  where  h  can  be  found  by  thermodynamic 
experiments  (page  342),  K  and  p  by  direct  observation. 

The  best  average  value  for  the  velocity  of  sound  in  air  seems 
to  be  about  33,200  cm.  per  second;  the  extremes  being  330*6 
(330*7  Regnault)  and  3337  metres. 

The  velocity  of  sound  in  air  is  unaffected  by  variations  of 
pressure,  as  we  have  already  seen ;  it  varies  as  the  square  root  of 
tlie  absolute  temperature;  it  is  affected  by  humidity,  for  damp 
air  is  lighter  than  dry  air  under  the  same  pressure.  It  is  also 
affected  by  wind,  which  not  only  retards  the  passage  of  sou 
to  windward,  but  may  also  distort  the  waves  and  cause  them  to 
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pass  upwards.  In  general,  the  greater  the  intensity  of  sound  the 
greater  its  velocity:  sound  therefore  continuously  slackens  in 
speed  of  transmission  as  it  becomes  fainter. 

It  is  still  a  moot  point  whether  acute  sounds  are  more  or  less 
rapidly  conveyed  through  air  than  grave  sounds  :  they  are  certainly 
not  conveyed  so  far,  for  they  are  more  affected  by  the  viscosity 
of  the  air,  and  thus  the  higher  components  of  an  inharmonious 
sound  are  abolished  by  distance,  and  the  whole  effect  is  softened. 

The  velocity  of  sound  being  known,  it  become*  possible  to  measure  certain 
distances  by  its  aid.  A  lightning  flash  is  seen,  practically,  instantaneously  ; 
if  the  sound  take  5  sec.  to  travel,  it  must  have  travelled  1G60  metre.*,  Of 
about  a  mile.  Again,  a  stone  is  dropped  down  a  well  ;  the  sound  of 
splash  is  heard  in  G  seconds  :  at  what  depth  is  the  surface  of  the  water  ?  The 
stone  falls  for  t  seconds  through  a  space  equal  to  JyfJ  ;  the  sound  comes  up 
for  y  seconds  through  a  space  equal  to  33,200y  cm.  From  the  two  equa; 
t  +  y  =  6,  £  x  981  J2  =  33,200y,  we  find  t  m  5*543,  and  the  depth  equal  to 
15,172  cm. 

Propagation  of  Sound  in  gases  according  to    the  Kinetic 
Theory.* — Suppose  AB  to  be  a  cyliuder,  CD  an  oscillating  piston.     The 
molecules  which    make   up    the   gas  in 
AB   are   represented    by   dots ;    for  the 
nonce  we  shall  suppose  these  molecules       o| 
to   be    arranged    in    straight    files,    and 
we  shall    consider   only   one    such    file. 
The  members  of  such  a  file  remain  in 
the  same  straight  line,  striking  and  re-    ■     Dl 
bounding  from  one  another.     We  keep 

in  mind  the  proposition  that  two  perfect! v-.-lmtir  bodiM  when  they  enter 
into  collision  rebound  from  one  another  with  exchanged  velocities  ;  and  that 
other,  that  a  perfectly-elastic  body  striking  a  rigid  obstacle  returns  with  a 
velocity  equal  to  the  relative  velocity  with  which  it  struck  the  obstacle. 
If  the  piston  be  at  rest,  it  does  not  change  the  velocities  of  those  particles 
which  strike  it,  except  in  their  direction.  If.it  be  moving  towards  them  as 
they  strike  it,  they  rebound  from  it  with  a  velocity  greater  than  that  with 
which  they  approached  it ;  this  increased  velocity  they  communicate  by 
exchange  to  others  with  which  they  come  in  collision  :  they  then  return  to 
the  approaching  piston,  and  again  rebound  with  increased  velocity.  These 
molecules  thus  act  as  carriers  of  energy  ;  they  borrow  from  the  advancing 
piston  a  certain  amount  of  energy,  which  they  pass  on  to  the  molecules 
beyond  ;  from  molecule  to  molecule  this  energy  is  transmitted  and  a  transitory 
crowding  together  of  the  molecules,  commencing  at  the  piston,  is  propaj:.; 
through  the  whole  gaseous  mass.  Conversely,  when  the  piston  is  in  retreat, 
those  molecules  which  overtake  it  rebound  with  a  diminished  velocity  ;  they 
exchange  this  diminished  velocity  with  those  molecules  which  they  tardily 
encounter,  and  which  they  do  not  turn  back  until  these  have  travelled  farther 
than  they  normally  could  have  done  ;  a  diminution  of  velocity  and  an 
accompanying  rarefaction  are  propagated  throughout  the  gas.  If  the  particles 
all  lay  in  straight  lines,  the  speed  of  propagation  of  souud  would  be  the 

*  See  Tolver  Preston,  PkU.  Mag.  iii  (1877). 
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average  speed  at  ulii.li  tin  j,.aii.  fa  move  ;  just  IB  the  rute  of  propagation  of 
a  menage  by  couriers  would  be  the  average  rate  at  which  they  ride.  Nothing 
lined  in  point  of  speed  by  multiplying  the  number  of  such  couriers 
if  their  horses  were  not  susceptible  to  fatigue  ;  and  so  it  is  a  matter  of  in- 
ice  what  the  number  of  molecules  is  by  the  intervention  of  which  the. 
exchange  and  transmission  of  energy  are  effected,  provided  always  that  tin 
collisions  of  the  molecules  occupy  time  inappreciable  in  comparison  with  tin- 
intervals  spent  by  them  in  traversing  their  free  paths,  and  further  that  the 

i  the  molt'-  mall  in  comparison  with  the  average  1 

of  the  free  path.      Thus  the  velocity  of  sound  does  not  depend,  within  the 
same  gas,  upon  the  density  or  on  the  pressim  . 

case  is  different ;  an  increased  average  speed 
causes  an  increased  velocity  of  propagation.  This  may  occur  within  the 
same  jjas  when  the  tetnjH-rature  is  altered  ;  the  absolute  temperature  measure* 
the   kiii'ti.    awgj  of  the  molecules;  to  the  square  root  of  thi- 

m1  ;  the  rati-  of  sound-propagation  is  equal  to  this  EMU 
velocity  ;  whence  the  rate  of  sound-propagation  must  vary  as  the  square  root 
of  the  absolute  temperature. 

On  oonnpttfafl  two  gases  we  find  th.it  the  mean  velocity  of  the  molecules 

varies  inversely  as  the  square  root  of  the  molecular  weight,  and  therefore  as 

tare  root  of  the  density  ;  whenee  the  v<  i  in  two  different 

gases  are  to  one  another  inversely  as  the  square  roots  of  their  respective 

•len-ities. 

Y\V  cannot,  however,  affirm  that  the  ptrttdw  of  a  gas  lie  in  straight 
lines  or  files  ;  they  move  on  the  whole  with  petflMfe  m  mm. -try  with  reference 
to  every  point.  Professor  Clerk  Maxwell  showed  that,  taking  this  into 
account,  we  ought  not  to  expect  the  rate  of  propagation  of  sound  to  be  eq  ual 
to  the  average  velocity  of  the  particles,  but  proportional  to  it ;  and  that, 
on  the  assumption  that  the  particles  were  small  as  compared  with  their  mean 
distances,  and  that  each  one  was  smooth  and  round,  so  as  not  to  be  Hi  in 
rotation  by  impacts,  then  the  rate  of  propagation  of  sound  should  bear  to  the 
mean  velocity  of  the  particles  the  ratio  of  »Jb  :  3,  or  *745  :  1.  Kumil  and 
Warping  found  exactly  this  ratio  in  the  case  of  the  vapour  of  mercury.  In 
hydfonn  the  mean  velocity  is  184,260  cm.  per  sec.  ;  tin-  velodty  of  KMmd 
in  hydrogen  is,  according  to  the  mean  of  several  observations,  126,917"6  cm. 
per  sec. ;  the  ratio  is  "6888  :  1;  less  than  that  given  above.  The  inference  is 
that  the  molecules  are  to  some  extent  set  in  rotatory  as  well  as  in  trail 

nelit. 

Dbppler's  Principle. — From  a  sounding  body,  approach 
or  approached,  sound-waves  reach  the  ear  in  greater  number 
when  the.  source  of  sound  and  the  listener  are  relatively  at  rest ; 
and  conversely,  if  the  sounding  body  recede  or  be  receded  from, 
fewer  sound- waves  will  reach  the  ear.  To  a  person  Standing  at 
t  tailway  station  while  an  express  rushes  whistling  through,  the 
pitch  of  tin-  whistle  seems  suddenly  to  fall  as  tin-  engine  passes 
him.  Even  the  puffs  of  an  approaching  goods-engine  seem  appre- 
s  io  tin  ear  than  those  of  a  receding  on.-. 
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Aerial  waves  arc  communicated  to  the  air  in  the  external 
auditory  meatus.  This  is  short  in  comparison  with  the  length  of 
the  average  sound-wave.  Its  own  proper  sound  is  about  </"", 
and  sounds  in  the  neighbourhood  of  this  tone  are  painfully  rein- 
forced by  the  resonance  of  the  meatus. 

The  movements  of  the  air  in  the  meatus  do  not  materially 
differ  from  those  of  a  single  point  in  the  wave-front :  the  physical 
problem  to  be  solved  in  the  organ  of  hearing  is  one  of  the  same 
kind  as  would  be  presented  if  the  eye  were  called  upon  by  the 
inspection  of  a  single  point  on  the  surface  of  a  niultifariously- 
i  ippled  sheet  of  water  to  discriminate  all  the  component  undula- 
tions of  the  extended  surface. 

The  movements  of  the  air  in  the  meatus  are,  in  consequence 
of  the  changes  of  pressure  which  they  occasion,  communicated  to 
the  drum  of  the  ear,  the  membrana  tympani. 

The  drain  of  the  ear  may  receive  some  vibrations  by  direct  transmission 
from  the  bones  of  the  skull. 

Wb  remark  Iwtee— (1.)  The  natural  note  of  so  small  a  DUO 
brane  is  very  high ;  but  weighted  as  it  is  by  the  chain  of  bones 
of  the  internal  ear,  it  can  take   up  vibrations  of  a  much  less 
frequency  than  this  note. 

(2.)  Tl  ion  of  the  membrane  is  a  forced  one,  and,  as 

regards  the  amplitude  of  very  high  components,  does  not  precisely 
coincide  in  character  with  that  of  the  nir. 

(3.)  At  the  same  time  the  form  of  the  membrane  is  such  that 
it  vibrates  more  at  its  edges  than  at  its  centre,  and  the  tendency 
of  the  membrane  to  set  up  vibrations  of  its  own,  or  to  alter  t! 
forced  upon  it,  is  mitigated. 

i  The  membrane  is  normally  under  tension :  it  is  pulled 
inwards  by  the.  handle  of  the  malleus;  considerable  pressures 
upon  it  cause  very  small  inward  movements,  especially  since  its 
radial  fibres  have  very  slight  extensibility. 

(5.)  It  is  easier  for  a  rarefaction  of  the  air  in  the  meatus  to 
cause  an  outward  movement,  which  slackens  the  membrane,  than 
for  a  condensation  to  drive  the  membrane  inwards  and  thus  to 
tighten  it — a  fact  of  importance  in  reference  to  combinational 
tones,  of  wlricfc  hereafter. 

(6.)  When  the  membrane  does  move  inwards,  it  pushes  in 
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wards  tin-  handle  of  the  mai/nw,  which  is  firmly  attached  to  it: 
but  only  through  a  very  small  distance.  This  small  amplitude 
of  movement,  about  one-fortieth  of  that  of  the  air  in  the  meatus, 
implies  that  the  huudle  of  the  malleus  is  wielded  with  consider- 
able force — one  step  in  the  increase  of  the  force  of  the  aerial 
vibrations  on  their  way  to  the  internal  ear. 

(7.)  The  movements  of  the  drum  of  the  ear  are  astoundingly 
small.  The  greatest  displacement  seems  to  be  about  01  mm.  or 
l-250th  of  an  inch.  A  sound  produced  by  an  f%  (=  181)  pipe 
under  an  air  pressure  of  40  mm.  of  water  can  be  distinctly  heard 
at  a  distance  of  115  metres,  Topler  and  Boltzmaun  calculated 
iltiil  ;it  such  a  distance  the  movements  of  the  air  must  be  reduced 
to  '000,0  4  mm;  but  those  of  the  more  massive  drum,  with  its 
appendages,  cannot  be  more  than  000.001  mm.  or  the  twenty-five- 
millionth  part  of  an  inch — an  oscillation  so  minute  as  to  be  beyond 
direct  microscopic  observation.  The  drum  of  the  ear  sets  in 
motion  the  handle  of  the  Malleus.  The  malleus  is  a  small  l>onc, 
somewhat  resembling  a  hammer,  with  a  head  and  a  handle.  It 
is  80  suspended  by  ligaments,  bead  Upwards,  that  when  its  handle 
is  thrust  inwards,  its  head  is  made  to  rotate  to  a  limited  extent 
The  head  of  the  malleus  is  connected  by  a  smooth  joint  of  peculiar 
form  with  a  second  bone,  the  Incus.  The  action  of  the  joint  is 
such  that  when  the  handle  of  the  malleus  is  forced  inwards,  the 
head,  as  it  rotates,  locks  in  the  incus  and  forces  it  round  ;  while, 
if  the  handle  of  the  malleus  be  driven  violently  outwards,  the 
head,  rotating  in  a  reversed  direction,  does  not  pull  the  incus  with 
it,  but  glides  over  it,  rotating  through  as  much  as  5°  before  the 
two  I'M i  begin   to  move  as  one  piece.      If  air  be  driven 

t&XOUgfa  the  Eustachian  tube  from  the  mouth-c\i\  ity.  at  it  always 
is  during  swallowing,  it  presses  against  the  membrane  from  within  ; 
if  it  were  not  for  this  peculiar  joint  there  would  be  a  decided  risk 
of  the  chain  of  bones — malleus,  incus,  and  stapes — being  torn 
away  from  their  connection  with  the  internal  ear.  While  the 
two  bones  are  thus  unlocked,  as  during  swallowing,  there  is  an 
impairment  in  their  power  of  transmitting  vibrations,  and  there 
arises  a  partial  deafness,  especially  for  loud  sounds. 

The  incus  has  a  process  or  long  projection  which,  when  the 
handle  of  the  malleus  moves  inwards,  moves  inwards  also.  The 
point  of  this  is  attached  to  a  little  stirrup  -  shaped  bone,  the 
Stapes.  Motion  is  thus  communicated  through  malleus,  incus, 
stapes ;  but  the  stapes  move  only  two-thirds  as  much  as  the  end 
of  the  handle  of  the  malleus — another  step  in  the  increase  of 
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force  and  diminution  of  amplitude  of  the  vibration  conveyed  to 
tin-  oar  by  the  air. 

Cot  ii  of  sound  through  the  bones  of  the  head  seems  to  be 

effected,  for  the  most  port,  through  the  malleus,  incus,  and  stapes.  Com- 
munication of  Bound  to  the  bones  of  the  head  may  be  fa  ilit.it- <1  bj  means  of 
the  audiplmne.  Tliis  is  a  plate  of  thin  vuhanite,  which  b  bent  and  kept 
by  strings  under  ■  certain  dflglBt  of  tension,  and  the  edge  of  which  II  J>1  • 
in  contact  with  the  teeth.  Even  a  piece  of  stiff  brown  paper,  loosely  Aoilbled 
and  grasped  by  its  opposite  edges  between  the  teeth,  will  act  a*  an  nudiphone 
and  take  up  waves  of  sound  from  the  nir,  and  will  eon.  v  them  to  the  bones 
<>f   the  head.     A  certain    proportion  of   the  sound  irectly  to  the 

nervous  apparatus  embedded  in  the  skull,  which  is  directly  shaken ;  sound 
is  thus  rendered  to  6ome  extent  audible  to  tho?e  whose  auditory  ossicles  tail 
in  their  function. 

The  footplate  of  the  stirrup  is  blended  with  a  membrane 
occupying  a  small  aperture. — the  fenestra  ovalis — in  the  hard 
mass  of  the  temporal  bone.  The  footplate  of  the  stirrup  has 
itself  a  form  closely  neaeinbliiig  that  of  a  footprint  of  the  right 
foot  If  now  the  reader  will  place  his  right  foot  on  a  soft  carpet 
and  forcibly  drive  into  the  carpet  the  outer  edge  of  that  foot,  he 
will  see  that  the  inner  edge  of  his  foot  is  tilted  upwards ;  this 
describes  the  motion  of  the  stapes  when  driven  inwards  against 
the  membrane  of  the  fenestra  ovalis. 

I-U .'Villi*!  this  membrane  lies  the  fluid  of  the  internal  ear,  con- 
tained in  membranous  bags,  which  float  in  chaunels  hollowed  out 
in  the  temporal  bone.  Tins  system  of  membranous  bags  contain- 
ing fluid  consists  of  the  vestibule,  the  cochlea  (in  front),  and  the 
semicircular  canals  (behind).  Here  we  have  to  do  with  the  two 
former.  The  fluid  lying  in  the  vestibule  is  immediately  behind 
the  membrane  of  the  fenestra  ovalis;  the  vibrations  of  the  stapes 
are  communicated  to  it.  This  fluid  is  in  direct  communication 
with  the  fluid  lying  in  a  part  of  the  cochlea  called  the  scala 
vcstibuli. 

The  structure  of  the  cochlea  seems  at  first  sight  somewhat 
complex.     It  is  a  snail-shell-like  object;  if  unwound  and  laid 
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flat  it  might  be  diagrammatically  represented  by  I  i  :    1  "2.      S  is 
the  stapes,  blending  with  the  membrane  of  the  fenestra  ovalis;  V 
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is  the  vestibule ;  S.V.  is  the  scala  vcstibuli,  a  cavity  extending 
to  the  tip  of  the  cochlea ;  there  it  is  continuous  with  S.T.,  the 
scala  tympani  ;  this  ends  at  f.r.  the  /  rotunda,  an  aperture 

closed  by  a  strong  membrane.  The  fluid  filling  S.V.  (the  peri- 
lymph) is  continuous  with  that  in  S.T.,  and  hence  strong  pressure 
on  the  stapes  will  cause  f.r.t  the  membrane  of  the  fenestra  rotunda, 
to  bulge  outwards.  The  scala  tympani  and  the  fenestra  rotunda 
are  perhaps  a  safety  arrangement.  The  vibrations  which  are  im- 
portant to  us  are  those  of  the  fluid  in  the  scala  vcstitniH. 

Between  the  scala  wstitntli  and  the  scala  tympani  lies  a  par- 
tition, incomplete  at  the  apex  of  the  cochlea.  This  partition  is 
partly  of  bone,  partly  of  membrane  :  the  purely  membranous  part 
is  called  the  membrana  basilaris. 

Transverse  section  of  the  cochlea  shows  us  further  that  we 
have  not  only  to  do  with  the  two  scalre  and  the  intervening  par- 
tition, but  also  with  a  third  cavity.      Such  a  section  is  shown 

diagrammatically  in  Fig.  153.     The 
scala   restibuli  rests   only  upon  the 
bony  part  of  the  partition  ;  the  third 
\      cavity,  the  scala  cockle <•  lies 

mainly  above  the  membranous  part, 
the  basilar  membrane,  m.b.  The 
scala  cochlea  contains  fluid  (endo- 
lymph),  and  is  practically  a  closed 
cavity.  When  the  liquid  in  the 
scala  vcstibidi  vibrates,  the  ewlo- 
lymph  in  the  scala  cachlecz  is  at  each  impulse  forced  into  similar 
movement  before  the  liquid  in  S.V.  has  had  time  to  pass  into 
S.T. ;  and  it  in  its  turn  acts  upon  the  basilar  membrane. 

The  basilar  membrane  is  triangular  in  form,  being  widest  at 
the  tip  of  the  cochlea.  It  takes  up  vibrations  of  definite  pitch, 
in  response  to  which  it  \  not  as  a  whole  but  locally;  just 

as  when  we  sing  to  a  piano  with  the  dampers  down,  only  those 
strings  respond  which  are  in  unison  with  the  sound  produced  by 
tin-  voice.  It  responds  to  v  il»iaiiuiis  of  considerable  slowness 
compared  with  its  natural  vibrations,  for  not  only  does  it  lie  be- 
tween two  liquids,  but  it  is  also  somewhat  heavily  loaded ;  upon 
it  are  mounted  certaiu  rigid  structures  arranged  in  two  rows, 
the  rods  of  Corti ;  and  upon  these  are  arranged  a  number  of 
nerve-cells,  the  cells  of  Corti,  each  of  which  is  connected  with  a 
single  nerve -fibre.  Each  of  these  nerve-  fibres  can  only  be 
stimulated  to  sensation  by  the  vibratile  movement  of  that  cell 
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of  Corti  from  which  it  runs ;  and  it  is  deaf  to  every  sound  but 
that  one  to  which  the  vibration  of  the  particular  underlying  part 
of  the  basilar  membrane  corresponds.  As  there  are  from  16,000 
to  20,000  such  cells  of  Corti,  and  therefore  the  same  number 
of  nerve-fibres  which,  although  they  merge  into  a  common  strand 
— the  auditory  nerve — and  enter  the  brain  side  by  side,  are 
isolated  from  one  another,  we  may  say  that  we  have  not  one,  but 
from  16,000  to  20,000  distinct  Senses  of  Hearing,  each  with  its 
own  special  Organ  of  Hearing ;  the  Ear,  ns  we  have  described  it, 
being  merely  a  mechanical  means  for  the  transmission  of  vil  •  ra- 
ti on  from  the  external  world  to  these  sense-organs,  and  its  duo 
distribution  among  them. 


There  is  yet  some  difficulty  in  Ming  how  the  rods  of  Corti,  3000  pairs 
in  number,  affect  differently  the  hulf-do/.en  cells  of  Corti  borne  by  eaeh  pair ; 

Rome  deny  that  mom   than   3000  different  sounds  tan   l> 
otherwise  than  by  a  process  of  comparison  ;  BTWB  tltil  would  amble  us  to 
distinguish  tones  differing  by  less  than  the  thirtieth  part  of  a  semitone. 


. 


"When  an  external  sound  does  not  coincide  with  any  of  the 
above  1(3,000  or  20,000,  the  cells  most  nearly  corresponding  to  it 
will  be  disturbed ;  one  of  these  cells  will  vibrate  more  than  its 
neighbours.  The  phenomenon  is  now  one  of  unconscious  com- 
parison of  their  relative  disturbances.  Within  the  middle  range 
of  hearing,  sounds  differing  by  one  vibration  in  three  seconds  can 
be  distinguished  by  some  persons;  when  the  notes  chosen  an-  very 
high  in  pitch,  grave  errors  in  the  discrimination  of  pitch  umv,  on 
;her  hand,  be  readily  committed. 

When  a  compound  sound  is  produced,  the  basilar  membrane 
is  set  in  motion  in  a  number  of  limited  regions  at  the  same  time, 
and  the  effect  is  mingled  in  the  brain.  The  nature  of  the  com- 
pound sensation,  by  which  we  thus  recognise  the  different  quali- 
ties of  sound,  is  a  question  which  pBMHW  tin-  bounds  of  phy 

The  ear  has  a  certain  jnjwer  of  persisting  iu  vibrations  once  m4  dp  b 
but  only  in  small  degree,  and  to  an  extent  tin:  greater  the  lower  the  pitch  of 
the  note.  If  the  sound  c'  be  broken  up  by  alternate  fadlM  of  sound  and 
silences  of  equal  duration,  when  these  nob  number  1 30  pfr  IMOOBd,  tbt  MQttd 
seems  continuous.  Each  pitch  has  its  own  duration  of  persistence  ;  and 
Mayer  has  pointed  out  (see  Phil.  Mag,  I87'i,  vl  ii.;  that  in  ■  mixture  of 
sounds,  alternately  admitted  to  the  ear  and  .-hut  off  fium  it  by  ■pettafBS  in 
a  rotating  disc,  some  may  Ik-  rend  Man!  by  the  action 

of  the  disc,  while  others  may  appear  continuous,  and  that  thus  we  have  a 
means  of  analysing  compound  sounds. 


As  to  the  limits  of  hearing,  sounds  may  be   perceived  by  the 
human  ear  which  range  from  16  (Preyer),  or  34  (Hclmholtz), 
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about  32,000  (Despretz),  or  even  40,000  (Appunn  and  Preyer) ; 
there  being  between  different  individuals  curious  differences  in 
the  power  of  perception,  especially  of  high  sounds. 

A  small  Etnmbet  of  abrupt  clicks  cannot,  with  ease,  blend  into  a  con- 
tinuous sound  ;  if  they  feMU  to  do  so,  it  is  generally  some  high  han 
that  is  really  heard.  A  very  small  number  of  true  pendldtt  vibrations 
seems  to  produce  sound  when  sufficient  BOlfttt  Kl  Bditd  upon,  or  the  ear 
Otherwin  firmly  enough  BBt  in  vibration;  whence  the  very  deep  hum  of  a 
-learner  slackening  speed,  or  that  sound  of  contracting  muscle — 19 
vibrations  per  second — which  is  heard  win m  t hi-  t.m  lingers  are  pressed  into 
the  ears  and  the  elbows  pressed  against  the  table. 

The  sensible  loudness  of  sounds  does  not  coincide  very  closely 
with  their  physical  intensity.  This  arises  partly  from  modifica- 
tions in  the  form  of  the  vibration  induced  by  so  complicated  a 
transmission  through  the  auditory  apparatus,  partly  from  causes 
purely  physiological. 

It  is  curious  that,  as  Mayer  has  shown,  high  notes  arc  heard  with 
culty  in  the  presence  of  lower  ones.  Hence  sixteen  violins  in  an  orchc.-urn 
produce  by  no  means  so  great  an  effect  as  sixteen  violins  alone.  A  lower 
;  -nds  to  drown  a  higher  .me,  especially  if  the  highs  n<»te  be  thoroughly 
in  tune,  or  form  a  correct  acoustic  interval  with  the  lower.  In  a  ringk 
musical  sound  the  fundamental  tone  drowns  the  harmonics,  even  though 
the  latter  may,  as  in  a  tinkling  piano,  very  greatly  exceed  it  in  physical 
intensity. 

The  sensitiveness  of  different  ears  to  sound  may  be  compared 
by  measuring  the  relative  distances  at  which  a  given  sound  be- 
comes inaudible ;  as  the  squares  of  these  distances,  so  are  the 
sensibilities  of  the  listening  ears.  If  one  ear  can  hear  a  certain 
sound  at  3  feet,  the  other  only  at  3  inches,  then  the  duller  ear  is 
(362-r-3*)=144  times  less  sensitive  than  its  fellow. 

F.V..H  U-yond  the  ear  and  within  the  brain  there  is  some  mechanism  of 
which  we  are  still  ignorant.  Professor  Silvanus  Thompson  has  shown  that 
two  sounds  which  beat  with  one  another  l  ill,  when  conveyed  separately  one 
to  each  ear,  produce  beats  which  appear  to  jar  the  vertex  of  the  brain  ;  and 
T,  that  two  sounds  of  the  same  pitch  and  phase,  arriving  separately  in 
the  ears,  appear  to  be  heard  in  the  ears,  while,  if  they  arrive  in  opposite 
phases,  the  effect  is  as  if  the  sound  were  heard  not  in  the  ears  at  al 
within  the  Vertex  of  the  cranium.  The  former  phenomenon  may  be  roughly 
i  fay  a  tuning-fork  held  to  each  ear  ;  the  latter  by  ■  pair  of  telephones, 
one  to  each  ear,  one  being  provided  with  a  commutator,  by  which  the  current 
in  that  telephone  can  be  reversed  at  will. 

Direction  of  sound  can  hardly  be  determined  if  the  head  be  held  fixed  ; 
t-n  the  head  alightlv  while  listening,  and  interpret  unconsciously  the 
consequent  variations  of  intensity  in  the  two  cars. 
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lust  as  it  is  disagreeable  to  the  eye  to  be  exposed  to  flicker- 
ing light,  so  it  is  painful  to  the  ear  to  be  exposed  to  audible 
ring  such  as  that  produced  by  two  sounds  which  boat  when 
sounded  together.  The  climax  of  uupleasantness  or  Discord  is 
reached  when  the  beats  amount  to  about  32  par  second.  When 
the  beats  are  still  more  numerous  than  this,  the  two  notes  whi-  h 
are  sounded  togethw  become  more  distinctly  separable  by  the  ear. 
and  the  beats  are  less  prominent  to  the  sense  of  hearing. 
Were  this  the  only  cause  in  operation,  the  intervals 


(16:17). 


i  all  differ  by  32  vibrations  per  second,  would  be  equally 
painful  to  the  ear.  To  some  extent  it  is  the  case  than  an  interval 
concordant  between  high  notes  is  painful  in  the  lower  parts  of 
the  scale,  as  may  be  found  on  playing  a  major  third  in  different 
octaves  on  a  harmonium :  but  another  cause  affects  the  degree  of 
painfullness  of  a  discordant  interval.    When  two 

Kflbol  the  basilai   maiJiui&ue  Bmniltnmonalyj  tin-  violation  of  the 

basilar  membrane  is  not  limited  to  those  fibres  or  narrow  strips 

which  exactly  correspond  to  the  two  contiguous  sounds  heard  ; 

the  result  is  a  confused  vibration  of  the  membrane  in  a  wider 

strip,  ami  a  sound   is  heard  compounded  of  all  the  notes  within 

the  region  of  that  strip ;  this  is  interpreted  by  the  ear  either — 

where  the  two  component  notes  are  very  close — as  a  single  note 

ti  average  pitch,  or,  when-  they  are  farther  apart,  as  two  separate 

notes   coupled  with  a  painful  sensation.     Discord    is   thus  due 

partly  to  beats,  partly  to  difficulty  in  identifying  pitch. 

The  beats  prolan -1  by  mis-him id  '•"iiwuiiiiit-intervals  correspond  to  curious 
vibrational  <urve*,  for  which  see  Boeanqmt,  I'hil.  Mag,  1881. 

When  two  notes  are  produced  by  separate  sources  of  sound, 
the  upper  harmonics  may  possibly  clash  and  beat  with  one  another. 
This  may  be  specially  observed  in  the  Toughness  of  full  chords  of 
a  brass  band  within  an  enclosed  space.  If,  for  instance,  G  and  ,; 
be  sounded  together,  the  aggregate  harmonica  are  the  following : — 


of  which  only  g,  (/,  and  «/'  are  coincident. 
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If  we  eliminate  all  the  harmonics  beyond  the  sixth  of  the 
lower  notes,  the  respective  coincident  and  non-coincident  harmonics 
for  various  intervals  become  the  following: — 


Fifth. 


Fourth.  Major  Third-  Tenth. 


Minor  Third. 


The  most  concordant  interval  is  that  in  which  the  harmonics 
soonest  coincide,  and  in  which  those  non- coincident  harmonics 
which  discord  with  one  another  are  as  remote  as  possible  from 
the  fundamental  tones. 

This  is  imt.  the  only  element  to  be  taken  into  account  in  ex- 
plaining the  relative  harmoniousncss  of  certain  intervals.  "When 
two  notes  are  sounded  together,  there  are  produced  other  tones 
called  Differential  and  Summational  Tones,  or,  generally, 
combinational  tones,  which  arc  heard  along  with  the  former. 

Differential  Tones. — When  4  (  =  256)  and  /  (  =  384)  are 
sounded  together  loudly  and  firmly,  the  listening  ear  can  distin- 
guish the  sound  c  (=128)  humming  at  the  same  time.  With 
c'  (  =  25G)  and  c'  (=320)  the  differential  tone  is  C  (=64).  The 
Vibrational  number  of  the  differential  tone  is  equal  to  the  number 
of  beats  which  tend  to  be  formed  by  the  two  prime  tones.  For 
this  reason  it  was  long  thought  that  the  combinational  tones  were 
produced  by  the  blending,  into  a  continuous  sound,  of  Beats  too 
numerous  to  reckon.  These  tones  are,  on  the  contrary,  distinct 
from  the  beats.  If  two  very  high  notes,  differing  by  64  vibra- 
tions per  second,  be  sounded  together,  the  discordant  shiver  due 
to  the  beats  can  be  distinctly  perceived,  though  the  beats  them- 
selves cannot  be  reckoned,  while  at  the  same  time  the  correspond- 
ing differential  tone  can  be  heard  humming.  If  the  sounds  be 
separately  conveyed,  one  to  each  ear,  the  beats  may  be  distinctly 
felt  within  the  head,  but  no  differential  tone  is  heard.  And 
further,  if  the  two  sources  of  sound  be  markedly  distant  from  one 
another,  the  beats  may  he  apparent  while  the  differential  tone  is 
feeble. 

There  arc  tvro  causes  for  the  formation  of  these  tonea.  When  a  consider- 
able disturbance  has  been  produced  in  the  air  by  one  source  of  sound,  1 1  •  *- 
disturbance  of  the  air  produced  by  another  source  near  the  former  is  not 
simply  added  to  the  disturbance  already  existing,  for  H.-uke's  law — as  the 
force  applied,  ao  is  the  distortion  produced — is  not  true  except  for  very  small 
disturbmiees :  the  amplitude  of  the  compound  oscillation  falls  short  of  the 
turn  of  the  amplitudes  of   the  components,  and  this  is  equivalent  to  the 
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introduction  of  a  new  vibration  whose  fundamental  period  is  that  of  the 
differrnti.il  tone.  Differential  tones  so  produced — as  in  the  harmonium — can 
be  reinforced  and  investigated  by  means  of  resonators.  The  more  effective 
cause  of  the  production  of  combinational  tones  is,  however,  i  nation 

in  the  drum  of  the  ear:  the  drum  of  tin?  HT  DUIftl  more  freely  outwards 
than  inwards  ;  and  Helmlioltr  has  shown  that  if  a  transmitter  possessing  this 
peculiarity  bo  acted  upon  by  a  disturbance  which  is  the  sum  of  two  di«lnrb- 
ances  of  frequencies  p  and  q,  the  energy  imparted  to  it  is  in  part  expended  in 
producing  new  vibrations  of  frequencies  p-q  and  p  +  q;  these  correspond- 
ing respectively  to  differential  tones  and  to  summational  tones.  Sounds  so 
produced  canuot  be  reinforced  by  resonators. 

Summational  Tones. — These  tones  were  discovered  by  Helm- 
holtz.  The  notes  c'  and  (J  (256  and  384)  will,  when  sounded 
together,  produce  a  faintly  audible  tone  c  (  =  640  =  250  4-384). 
Itafli  of  this  kind  are  only  to  be  heard  with  difficulty — a  fortunate 
circumstance,  since  they  mostly  discord  with  their  prime  tones. 

The  summational  and  differential  tones  for  some  consonant 
intervals  are  represented  in  the  following  table,  ID  which  minims 
(i  )  denote  the  prime  tones  and  crotchets  (f )  the  combinational 
tones. 


^=jj 


«V 


Ii 


1:1 


2:» 


r!:l 


Eife 


I*      | 
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Harmony. — The  chord  4X  ef,  rf  \ 


has  a  differential  tone 


between  </  aud  «',  the  tone  C  ;  between  ef  and  </  the  same ;  between 
</  and  y  the  tone  c ;  together  ^    r    -     Again,  c'  has  a  first  har- 


monic c";  with  J  and  </  this  makes  the  differential  tones  g  and  c. 
The  note  4  has  a  first  harmonic  4';  with  d  and  gf  the  difference- 
tones  are  respectively  (/  and  J ;  and  similarly  the  first  harmonic 
of  </  produces,  with  c'  and  t ,  the  tones  e"  and  6'?  —  .  Altogether, 
these  form  the  series 


all  the  tones  of  which  occur  as  partials  in  the  note  C,  and  there- 
fore blend  smoothly  together.     The  minor  chord  c,  f'b,  y   in  a 
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similar  way  has  the  primary  differential  tones  Ab,  Eb,  c,  and  the 
secondary  differential  tones  c,  bb,  d\  r/b  — ,  Vb,  >•";  and  the  primary 
chord  is  thus  embedded  in  a  mass  of  combination- tones  compd 
among  others,  the  discordant  series — 


4— 


35£ 


-M 


The  consonance  of  if,  /b,  (f  is  therefore  necessarily  much  harsher 
than  that  of  </,  /,  and  (f. 

further  developments  of  this  subject  the  reader  must  be  referred  o> 
U.  lmholtz's  SerualionM  of  Toru,  translated  by  Mr.  Ellis. 

When  just  intonation  is  possible,  as  among  glee-singers  or 
<|u;utiiU;-]>layers,  each  listens  to  his  fellow-performers  as  well  as 
to  his  own  V0$C8  or  instrument,  and  £i\<->  <>nt  that  note  which 
feels  to  belong  to  the  key  in  whieh  the  party  is  performing,  and 
learns  to  do  so  in  such  a  way  as  to  avoid  beats :  thus,  as  is  said, 
the  performers  rub  oft"  one  another's  asperities.  In  this  way 
mathematically-exact  ratios  of  eonsiderable  complexity  are  accu- 
rately attained  without  necessary  knowledge  of  them  on  the  part 
of  the  performers. 

Voice — Voweia 

The  voice  is  produced  by  vibrations  of  the  larynx,  especially 
of  the  vocal  chords,  in  whole  or  in  part.  Above  these  is  placed 
the  mouth- cavity,  whieh  may  assume  various  forms  QJldQX  tfat 
action  of  the  various  muscles  which  regulate  the  position  of  the 
tongue,  the  soft  palate,  the  floor,  and  the  sides  of  the  mouth. 
This  mouth-cavity  acts  as  a  resonator  and  reflector.  A.  eOfdlDg 
to  the  number  of  upper  harmonies  which  are  reinforced,  and  tin- 
extent  to  which  they  are  severally  reinforced,  will  vary  the  quality 
of  the  sound  emitted.  Upon  this  quality,  and  upon  nothing  else, 
depends  that  character  which  we  recognise  as  some  particular 
Vowel;  for  every  Vowel  is  a  particular  Quality  of  Bound 

An  elementary  example  of  this  ia  furnished  by  a  common  pocket  tuning- 
fork  ;  when  #et  in  vi  brut  ion  and  the  broad  face  of  one  of  the  prongs  preet-ii 
to  the  ear,  the  fork  seems  to  emit  the  vowel  u  or  oo;  when  its  shank  is  pressed 
against  a  table  the  fork  seems  to  say  0;  now  the  octave  becomes  promin 
The  reason  is  that  the  fork  swings  in  circular  arcs,  and  not  in  tran?\  i 
straight  line*  ;  at  the  end  of  each  half- oscillation  it  consequently  presees 
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against  the  table  and  causes  it  to  emit  the  octave  a*  »  II  BOB  ili<-  QmdNMIlftl] 
tone.     A   t<»ne  almost  pan  -;ivcs  the  hollow  sound  of  the   vowel  u  ; 
acconi]  uii<  'I  by  its  octave  gives  the  brighter  Bouml  of  the  vowel  o.     Each 
I  a  particular  form  of  iii'i  of  the  tinfoil  in  ■  phoDOgnpb, 

Vowel  sounds  can  be  analysed  by  means  of  resonators;  and 
when  «*t  particular  vowel  is  sung  in  presence  of  an  open  pium*  (haul 
pedal  down)  that  vowel  is  repeated  by  the  strings  :  each  component 
of  the  complex  vibration  is  taken  up  by  that  string  which  is  in 
unison  with  it.  On  the  other  hand,  Helmholtz  showed  that  bj 
causing  a  number  of  resonators  of  a  series  whose  frequencies  W 
as  1  :  2  :  3  :  4  :  5  :  6  :  7,  eta,  to  vibrate  with  independent  intensi- 
ties, he  could  at  will  produce  by  synthesis  not  only  a  great  number 
of  qualities  of  tone  widely  differing  from  one  soother,  such  as 
clarionet-tone,  etc,  but  could  also  build  up  the  different  vowel  < 
themselves. 

To  each  vowel  corresponds  a  different  form  of  the  resonating 
mouth-cavity  ;  to  each  such  form  corresponds  a  different  natural 
pitch  of  vibration.  When  the  larynx  emits  a  complex  sound  con- 
taining as  one  of  its  components  a  tone  of  this  natural  pitch,  this 
tone  is  strongly  reinforced,  and  the  quality  of  tone  somewhat 
affected. 

Transformations  of  the  Energy  of  Sound. 

■'■-.  tid  being  in  its  physical  aspect  a  kind  of  motion,  in  the  course 
of  which  work  is  done  against  elasticity  and  inertia,  it  is  superflu- 
ous to  speak  of  the  conversion  of  the  energy  of  sound  into  that  of 
mechanical  work.     The  transmission  of  sound  is  a  transmission  of 
energy,  and  the  sound  produced  by  a  sounding  body  is  mechani- 
cally equivalent  to  a  definite  amount  of  work.     When  a  he  I 
tuning-fork  is  attached  to  the  piston  of   a   little  pump,  as  in 
Edison's  harmonic  engine,  it  can  be  made  to  do  work  ;  but  then  it 
duces  somewhat  less  sound  than  when  vibrating  freely.     The 
h. mi.  ;il  equivalent  of  Bound  may  be  estimated,  as  it  has  been  by 
Mayer,  by  comparing  the  Bound  produced  by  a  free  timing-fork  v. 
the  sound  produced  by  the  same  fork  on  equal  excitation  wh 
its  prongs   are   connected  by  a   thin  .strip  of  iieliarubber,   I 
finding  the  amount  of  heat  developed  in  the  rubber  in  fchfl   h 
case. 

Work  may  be,  on  the  other  hand,  converted  into  sound.      Iii 
•  nil  there  are  two  methods  of  accomplishing  this  transforma- 
tion!— firstly,  by  storing  potential  energy  in  an  elastic  ludy,  which 
liberated  ;  secondly,  by  transforming  uniform  into  inter- 
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mittent  motion  through  the  agcucy  of  friction.  We  have  already 
studied  the  mode  of  excitation  of  a  violin  string.  A  pointed 
slate-pencil  pushed  across  a  slate  at  a  certain  angle  produces  a 
well-known  .shrill  scream,  and  the  mark  produced  by  it  will  be 
found  on  close  examination  to  consist  of  a  train  of  separate  dots ; 
the  action  is  not  unlike  that  of  the  violin  string.  The  scream  of 
unoiled  bearings  in  a  machine  may  be  accounted  for  in  the  same 
way,  and  in  such  a  case  much  of  the  energy  of  rotation  of  the 
machine  is  wasted  in  the  form  of  sound. 

Heat  may  be,  in  some  cases,  transformed  into  the  energy  of 
Sound.  Trevelyau's  rocker  and  singing-flames  we  have  already 
studied  ;  the  sinking  of  a  kettle  is  due  to  the  rhythmical  agitation 
produced  by  the  formation  and  collapse  of  bubbles  ;  the  roar  of 
steam  issuing  from  a  boiler  is  produced  by  the  disturbance  of 
the  surrounding  air  by  steam  which,  after  thrusting  aside  the 
surrounding  air,  collapses  into  water-drops  ;  the  roar  of  a  chimney 
is  due  to  the  oscillation  to-and-fro  within  the  chimney  of  heated 
columns  of  air  or  smoke  which  set  the  air  within  the  chimney  in 
vibration,  of  which  the  deep  roar  heard  by  us  is  generally  a  high 
harmonic :  in  all  such  cases  the  energy  of  the  sound  produced  is 
obtained  at  the  expense  of  the  heat  supplied. 

But,  like  other  farms  of  energy,  that  of  sound  is  ultimately 
dissipated.  When  sound  is  produced  in  a  room,  every  particle  of 
the  walls  and  contents  of  the  room  is  set  in  vibration ;  there  is, 
indeed,  no  way  of  protecting  bodies  surrounding  a  source  of  sound 
from  this  influence  except  perhaps  by  placing  them  upon  several 
alternate  layers  of  caoutchouc  and  soft  putty  within  a  vacuum. 
At  last  the  sound  degenerates,  after  repeated  reflexion  within  each 
object,  into  irregular  molecular  motion,  and  its  energy  is  con- 
verted into  Heat  So  when  a  tuning-fork  is  set  in  motion  and 
sounded  in  the  open  air,  part  of  the  energy  winch  was  initially 
communicated  to  the  tuning-fork  when  it  was  first  set  in  vibration 
is  lost  in  consequence  of  the  viscosity  of  the  fork,  which  becomes 
slightly  warmer ;  while  part  of  that  energy  is  expended  upon 
the  external  air,  which,  by  reason  of  its  own  viscosity,  gradually 
extinguishes  the  sound,  beginning  with  the  highest  components, 
and  the  whole  at  length  dies  away,  the  energy  of  sound-motion 
becoming  converted  into  the  degenerated  form  of  Heat,  which 
ultimately  becomes  diffused  throughout  the  entire  Universe. 


CHAPTER    XV. 


OF  ETHER-WAVES. 


In  this  chapter  a  variety  of  phenomena  fall  to  be  considered 
which  can  be  explained  as  phenomena  of  undulation  in  the 
all-pervading  ether,  and  may  thus  be  said  to  be  due  to  Ether- 
Waves. 

It  is  necessary,  however,  to  make  a  reservation  of  opinion,  and 
to  point  out  that  all  we  are  really  entitled   to  affirm   is   that  the 

nomena  in  question  are  transferences  of  energy  through  the 
ether,  accompanied  by  variable  disturbances  of  that  medium — 
disturbances  whose  variations  follow  the  same  laws  as  those  of 
wave-motion,  but  which  may  in  themselves  be  due  to  changes  not 
necessarily  of  position  within  the  ether,  but  possibly  of  its  stress, 
of  its  electric  condition,  or  of  some  other  property  of  the  inter- 
stellar medium  as  yet  unknown  to  us.  Their  theory  has  been 
chieily  developed  by  those  who  considered  the  phenomena  of  Light, 
Kadi  ant  Heat,  etc.,  as  phenomena  of  Wave-Motion  in  the  Ether ; 
and,  with  this  preliminary  explanation,  we  shall  in  the  sequel 
speak  unreservedly  of  these  phenomena  as  due  to  Ether- Waves. 


Nature  of  Radiation. 

The  all-pervading  Ether  can  be  set  in  vibration  by  the  vibra- 
tion of  the  molecules  of  ordinary  matter.  This  local  disturbance 
sets  up  waves ;  and  by  these  waves  energy  may  be  transferred 
from  one  place  to  another.  This  process  of  transference  of  energy 
is  the  process  of  Radiation. 

The  nuliation  of  energy  by  the  sun  amount*  to  about  7000  horse-power 
per  square  fuot  of  the  sun'*  surface,  of  which  1/2,250,000000  part  reachee 
the  earth  ;  this,  striking  tin-  earth,  amounts  to  about  83  foot-pounds  per 
Bquare  f.wrt  of  the  earth's  surface  per  second  ;  hence,  to  use  Sir  William 
Thomson's  phrase,  the  "  mechanical  value  of  a  cubic  mile  of  sunlight,"  the 
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:  :y  of  the  i[»riseil  within  a  cubic  mile  of  ether  near  the  earth,  is 

12,050  foot-pounds. 

Heat-waves  and  light- waves  in  ether  are  not  waves  of  compree- 
D  and  rarefaction*  tike  those  of  sound  in  air.  The  propagation 
of  an  ether-wave  is  effected  after  a  different  fashion,  somewhat 
difficult  to  realise.  The  analogy  of  a  transverse  vibration  running 
along  a  cord,  or  of  a  wave  of  up-and-down  oscillation  running  over 
the  surface  of  water  or  over  a  thin  membrane,  must  lie  extended 
to  the  ether,  with  its  three  dimensions  in  space.  At  any  point 
where  the  movement  of  the  ether  is  examined,  it  is  found 
to  be  an  oscillation  at  right  angles  to  the  direction  in  which 
the  wave  is  being  propagated,  and  therefore  parallel  to  the  wave- 
front. 

The  vibration  of  the  ether  is  initially  of  the  nature  of  a  forced 
Hbration  ;  it  is  probably  excited  by  the  oscillation  of  a  part  of 
the  ether,  which  is  in  some  way  entangled  within,  or  which  BO- 
velops,  the  vibrating  molecule. 

The  molecular  vibration  which  excites  the  ether-waves  is  a  true  vibration 
of  the  molecule,  not  a  tranalational  OSflfflatfton  from  place  to  pi  a 

i  of  ordinary  matin  matt  bo  rappondi  in  virtue  of  then 

small  size,  to  vibrate  very  rapidly.     We  haw  ;ilr<\ulv  stated  that  the  average 
diai"  Muiecules  is  about  the  lOpoVooo  P*1*  °^  ft  millimetre,  and  that 

they  may  perhaps  consist  of  ether  rolling  within  ether  in  vibmtile  vti 
A  steel   tuning-fork    2   inches  (50  mm.)  long  may,  if  it  be  of  the   pn-jhT 
form,  vflnali  480  tfmai  ■  aaoand  ;  If  it  were  i o  o  oo  o  o  o  mm*  mn8«  an  ' 
the  same  shape,  it  would  vibrate  30,000,000000  times  per  second  ;  if  made 
Dot  of  steel,  but  of  ether,  its  frequency  would  be  greater  in  the  ratio  of  the 
velocity  "f  propagation  in  Mod  t"  that  in  ether,  and  would  therefore  amount 
i  .  about  1,740,240000,000000  oscillations  per  second.     The  vibration 
molecule  is  more  like  that  of  a  disc  than  that  of  a  tuning-fork  ;  hut  ti 
analogy  just  mentioned  may  Berve  to  show  that  it  is,  even  a  priori,  probable 
that  some  such   number  may  denote  the  average   Amqaanoy  "1   molecular 
oscillations, — an   average  modified  in   thi  of  retardation  by  the 

formation  of  heavier  molflOOloi  through  the  coalescence  of  smaller  molec  i 
or  perhaps  by  the  reaction  of  the  ether  what  h  K|  set  in   forced  vibration,  qk 
modified,  00  the  Other  hand,  in  the  diivrtion  "f  tOCOl  I  iOD 

of  Ughaf^dtohad  vibrations,  which  may  be,  to  an  the  musical  analogy, 

another  when  the  structural  arm i  the  rie-l.-, 

ia  un.-v  in  metrical.     Th  o|  aodiatt-  vapour  acts  somewhat  like  a  disc 

wlr  Itlv  unHvinmetrical :  such  a  disc  would  give  out  two  tones  very 

cr  one  another  in  piteh  ;  and  a  vibrating  sodium-molecule  gives  rise  to 
sets  of  ether-waves  which  differ  only  'lightly  in  frequency. 

Limits  of  Frequency. — We  are  not  acquainted  with  any 
ether- waves  except  those  whose  frequencies  lie  between  the 
limits    Of    about     107,000000,000000    (Langley).    mid     al 


LIMITS   Of   FKKQUENCY. 


40,000,000000,000000  oscillations  per  second — a  range,  to  use 
a  musical  analogy,  of  about  eight-and-a-half  octaves  ;  hut  of  ti 
our  eyes  are  sensitive  to  scarcely  one  octave — to  those,  namely, 
which  range  between  about  392,000000,000001)  per  second 
(extreme  red  of  the  spectrum),  and  about  757,000000,000000 
per  second  (extreme  violet). 

There  may  puhapi  bfl  <  tli<  i-wavca  more  or  leas  rapid  than  the  extreme 
line,  n   have  no  *enae  hy  which  their  existence  is  niui it- 

known    to    u»,    and,   fit    present,  no   experimental    means  of  investigating 
thorn. 

Velocity  and  Wave-length. — These  waves  all  travel  through 
the  ether  of  space  at  the  same  rate,  namely,  about  30057,400000 
cm.  (186,080  miles)  per  second.  Ether-waves  while  traversiug 
the  ether  present  no  essential  differences,  except  in  respect  of 
their  frequencies,  and  hence  also  of  their  wave-lengths  ;  the  latter 
vary  in  a  vacuum  from  about  I-D}0-0  cm.  to  about  1300000  cm., 
and  those  waves  to  which  our  unassisted  eyes  are  sensitive,  the 
waves  of  light,  have  wave-lengths  ranging  between  yjrJT2 
em.  and  YTrtaff  cm*  These  wave-lengths  are  usually  B] 
in  terms  of  "  tenth  -metres  ; "  a  tenth-metre  being  (1  metre/1010), 
0*000000,01  cm.  Extreme  red  and  extreme  viol,  t  have  thus 
in  a  vacuum  the  respective  ware-lengthi  of  7667  sad  3970 
tenth-metres. 

Ether-waves  do  not  traverse  all  substances  with  equal  speed : 
hence  their  wave-lengths  in  different  substances  vary;  if  any 
particular  kind  <>f  radiation  have  to  be  spoken  of,  it  may 
be  defined  by  specifying  its  wave -length  in  some  specified 
medium,  but  it  is  better  to  state  its  numerical  frequency.  To 
do  the  latter  implies,  however,  that  we  assume — and  we  are 
apparently  justified  fa  assuming — that  all  kinds  of  light  pass 
through  a  vacuum — that  is,  through  the  ether  of  Space — with 
equal  speed. 

Kinds  of  Radiation. — When  a  succession  of  waves  impu 
on  a  mass  of  ordinary  matter,  the  sfibot  varies  according  to  the 
nature  and  the  condition  of  the  body  which  receives  their  shock  ; 
if  it  be  an  ordinary  opaque  mass,  that  mass  may  be  warmed,  the 
rgy  of  wave-motion  being  transformed  into  heat,  ami  the 
wav.  ii   have  impinged   upon  the  opaque  mass  are  ex  post 

to  called  a  beam  of  Radiant  Heat;  if  they  fall  ujkhi  the  eye, 
they  may  produce  a  sensation  of  lLrht.  and  the  wave-system  is 
thru   called  a  beam  of  Light:  falling  upon  a  sea  photo- 
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graphic  plate,  or  a  living  green  leaf,  it  may  operate  chemical 
decomposition,  and  it  is  then  called  a  beam  of  Actinic  rays. 
The  word  "  rays  "  in  the  last  phrase  may  he  understood  to  mean 
not  imaginary  lines  at  right  angles  to  the  wave-front,  but  kinds 
of  radiation;  and  hence  we  speak  of  Heat  rays,  of  Light  rays, 
of  Chemical  or  Actinic  rays ;  these  names  being  given  to  one 
and  the  same  train  of  waves  according  to  the  effects  which  it  is 
found  competent  to  produce.  But  while  ether- waves  are  in 
course  of  traversing  the  ether,  there  is  neither  heat,  light,  nor 
chemical  decomposition ;  merely  wave -motion,  and  transference 
of  energy  by  wave-motion.  Hence  none  of  these  names  can  in 
strictness  be  applied  to  a  train  of  waves  while  these  are  actually 
travelling  through  the  ether. 

Ether-waves  which  differ  in  their  frequency  differ  to  some 
extent  in  their  degree  of  power  of  producing  the  motion  of  beat, 
the  sensation  of  light,  or  of  doing  the  work  of  chemical  decomposi- 
tion. All  ether-waves  can  produce  heat,  for  their  energy  is  con- 
verted into  heat  when  they  fall  upon  and  are  absorbed  by  such  a 
substance  as  a  thick  layer  of  lampblack,  which  for  the  most  part 
arrests  and  extinguishes  tl 

The  slowest  waves  known — those  whose  frequency  is  less 
than  302,000000,000000  per  second — are  too  slow  either  bo 
affect  the  eye  with  the  sensation  of  light,  or,  in  the  ordinary  case, 
to  impart  I  ulcs  an  agitation  Uisk  enough   to  shake  them 

to  pieces,  and  thus  to  operate  chemical  decomposition.  Such  slow 
waves,  whose  presence  can  only  be  recognised  after  their  impact 
by  the  conversion  of  their  energy  into  Heat,  are  called  Dark- 
Heat- Waves.  If  they  fall  upon  an  ordinary  photographic  plate 
they  do  not  operate  chemical  decomposition ;  but  if  the  molecules 
upon  which  they  impinge  be  specially  heavy  and  complex,  even 
these  slow  heat-waves  may  be  found  to  toss  and  shake  them  with 
briskness  sullicieut  to  break  them  up. 

The  waves  may,  on  the  other  hand,  be  so  rapid — above 
757.000000,000000  per  second — as  to  produce  no  visual  effect 
on  the  eye;  the  eye  is  normally,  physiologically,  blind  to  th«iu. 
and  is  unable  to  feel  their  impact ;  but  they  may  effect  chemical 
decomposition  ;  their  successive  impulses  may  aid  the  natural  Rn 
\  ibrations  of  the  molecule,  which  thus  become  increasingly  ample  : 
and  just  as  a  resonant  tumbler  into  which  its  own  note  is  steadily 
sung  vibrates,  shivers,  and  breaks  into  fragments,  so  a  molecule, 
quivering  under  the  steady,  regular,  and  continuously  well-timed 
blows  of  the  rapid  ether-waves,  may  yield  and  break  up  into  its 
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constituent  atoms,  or  into  groups  of  atoms,  which  constitute  simpler 
molecules.  Such  rapid  waves  are  called  Invisible  or  Ultra- 
violet Chemical  Rays. 

The  power  of  operating  chemical  decomposition  possessed  by 
the  more  rapid  waves  depends  upon  their  frequency  more  than 
upon  their  intern 

The    slowest    waves   may    thus    produce    heat,   or    perhaps 
chemical    decomposition    of   heavy    complex -molecules;     wa 
of  medium  rapidity  may  produce  heat,  the  sensation   of  li;  lit 
or    chemical    effect ;    the    more    rapid    ones    may    produce    h- . 
or  chemical  effect  according  to  the  substance  upon  which  thev 
fall. 

The  invisible  chemical  rays,  though  they  can  operate  chemical 
decomposition,  are  yet  of  very  feeble  physical  intensity  ;  th< 
aggregate  kinetic  energy  is,  in  the  radiations  from  the  sun,  as  we 
receive  them  filtered  through  OUT  atmosphere,  millions  of  times 
less  than  that  of  the  slower  red  or  dark  heat  rays :  even  those 
rays  which  are  visible  are  effective  not  so  ranch  in  virtue  of  their 
intensity,  which  is  but  small,  as  in  virtue  of  the  extraordinary 
sensitiveness  of  the  eye  to  light — that  is,  to  the  impact  of  ether- 
waves  of  a  certain  range  nf  frequent  v. 

Colour. — Within  the  limits  of  visibility — .'19.2  billions  to  1 
billions — there  is  an  indefinite  variety  of  integral  and  fractional 
numbers,  each  of  which  represents  the  frequency  of  a  particular 
kind  of  radiation,  1  |  U  kind  of  light.      Physically  there  are 

as  many  kinds  of  light  as  there  are  possible,  frequencies 
between  the  limits  mentioned.  Tin  kin  I-  cd  I  at,  each  phj 
cally  characterised  by  tin*  number  of  waves  which  strike  the  eye 
during  a  second,  are  recognised  by  the  eye  U  Wing  distinct,  not 
as  the  result  of  any  conscious  process  of  counting  the  number  of 
impulses  suffered  by  the  eye  during  a  second,  which  would  be 
absolutely  impossible,  but  in  consequence  of  the  distinct  and 
peculiar  Sensation  attending  the  reception  in  the  eye  of  wave- 
motion  of  each  particular  frequency — a  sensation  known  in  I 
case  as  that  of  a  particular  Colour.  Thus,  when  we  look  at  a 
Bunsen  burner,  the  flame  of  which  is  caused  to  emit  a  dingy-yelhiw 
light  by  contact  willi  common  Bait,  we  recognise  the  sensation  as 
one  of  yellow  light.  Colour  is  a  sensation  :  it  is  not  a  material 
existence;  but  the  physical  basis  and  cause  of  the  Bpeda]  sensa- 
tion of  yellow  light  is  iu  this  case  the  Joint  simultaneous  impact 
on  the  eye  of  two  kinds  of  ether-waves,  which  have  the  respec 
frequencies   of  508,905810,000000  and  510,604000,000000 
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second,  or  the  respective  wave-lengths  in  air  of  5895  and* 
5889-04  tenth-metres. 

Either  of  these  trains  of  waves  impinging  singly  on  the  eye 
would  produce  a  sensation  of  yellow,  the  slower  one  giving  a 
yellow  very  slightly  more  orange  in  its  tint  than  the  other  does. 
The  term  "  yellow  light,"  which  means  primarily  a  certain  sensa- 
tion, means,  secondarily,  the  physical  cause  of  this  sensation — that 
is,  a  train  of  ether-waves  of  a  particular  frequency.  Any  particular 
colour  is  best  specified  by  a  statement  of  the  frequency  of  the 
single  wave-motion,  wliich  can  produce  that  colour  when  it  enters 
the  eye ;  the  analogy  between  light  of  any  given  Colour  and  B 

id  of  any  given  Pitch  being  obvioua 

When  there  fall  successively  upon  the  eye  trains  of  light- 
waves which  differ  only  slightly  in  their  frequency,  the  respective 
colour-sensa  >duced  by  them   may  resemble  one  another 

generically,  though  not  precisely.  When,  in  gradual  succession, 
luminous  waves  of  all  possible  frequencies  are  caused  to  strike  the 
eye,  we  obtain  in  successive  gradation  the  sensations  of  all  the 
colours  of  the  spectrum.  The  slowest  waves  which  can  affect  the 
eye  produce  a  sensation  of  red,  those  Bomewhat  more  rapid  a  sen- 
sition  of  scarlet;  then  in  succession  we  find,  as  the  frequencies 
increase,  that  the  sensations  produced  are  those  of  orange- red, 
reddish -orange,  orange,  yellow  -  orange,  orange- yellow,  yellow, 
greenish -yellow,  yellowish -green,  green,  bluish -green,  greenish- 
lilue,  blue,  blue-violet,  violet  Waves  of  still  greater  rapid 
than  those  which  produce  the  sensation  of  violet  are  practically 
invisible ;  but  it  must  be  admitted  that,  they  are  not  per- 
fectly so. 

Even  beyond  the  ordinary  range  of  visibility  some  eyes  are  affected  by 
ultra-violet  ether  -  waves  ;  a  sensation  of  lavender -gray  colour  results:  a 
spectrum  is  often  seen,  especially  if  the  dispersion  be  small,  to  contain  \\\ 

lit  bands  of  laveuJcr-gray  in  the-  ulna viulet  region.  This  light  la  b 
intensity  nbi.mt  1-1 200th  part  of  that  wliich  shines  in  the  same  EBgtOO  uf  the 
spectrum  when  it  is  rendered  visible  by  fluorescence. 

The  following  table,  modified  from  Ogden  Rood's  Modern 
Chromatics  and  Sir  William  Thomson's  Royal  Instit.  Lecture, 
Pen  2,  1  883,  giVM  the  frequencies  and  the  wave-lengths  in  air  of 
the  several  undulations  which  correspond  to  the  several  leading 
colours  of  the  spectrum,  and  to  some  of  the  so-called  1 'raun holer 
Lines: — 
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»red 


Line  A  . 
Centre  of  re«l 

Line  B    . 

Liue  I 
(Yntiv  of  ..nmjjc- 
Oestn  "f  orange 

Line  D»  . 

Line  D* . 
Centre  of  orange-yellow 
Centre  <-f  yellow  . 
Centre  of  green  . 

Lin. 

Liue  h 
Centre  of  blue-gc  -ii 
I  -1  ue 
F  *. 
I  fentn  of  Una 

Qstttre  of  vi<.let-Uti<- 

Line  O    . 
Centre  q|  pure-vioh-t 
Hj  . 

Lint  B    . 


FrcqaeadM. 


305,000000,000000 

437,800000,000000 

457,700000,0*  H 


508,905810,000000 
ft  10,61)4000,000000 


570,000000,000000 


617,900000,0(1' 


<;<>  7,300000,000000 

10,000000 
763,'i'  OOOOO 


W»ve-lengtli8  in 
centimetres. 


7604 

•00006867 
10502 

•00006208 

•OOOn 

•00005895 

00005889 

000<  i 

•00005808 

•00005271 

00005183 
■'5082 
00004900 
•00004861 
•00004732 
•00004  3H3 
00004 80 7 
■  1069 

18989 


When  5  source  of  light  is  receding  from  the  eye,  few.  i   w.iv.  i 
rtrike  tlie  eye  ;  the  Ughl  approximates  towards  red.      I 

0jf  an  npprouchin^  lniniii"U  ■  it  were,  dMIVtUBd  in  pitch.      The 

characteristic  lines  in  the  pjiectrum  are  ttm  i  ilisplaced;  ami  bj  I 

application   of  Duppler'a    principle,    th<-   lg| 1    of    n-l.s'Oi-    ippffOAcll    01 

BDnflnn  of  the  •  urth  and  many  Hied  ^tars  has  been  estimate'.!. 

That  which  we  rail  white  light  is.  in  the  state  in  which  we 
receive  it  from  such  I  body  as  n  white-hot  bar  of  iron  or,  per- 
haps in  its  purest  form,  from  the  crater  of  the  positive  pole  of 
the  electric  light,  a  mixture  of  long  and  short  waves ;  waves  of 
all  periods  are  either  continuously  present,  or,  if  absenl  for  a  time, 
are  absent  in  such  feeble  proportions  "i  flat  such  short  intervals 
that  they  are  not  appreciably  missed  by  the  eye.  White  light 
of  this  kind  is  comparable  to  an  utterly-discordant  chaos  of  sound 
of  every  audible  pitch;  such  a  noise  would  produce  no  distinct 
impression  of  pitch  of  any  kind  ;  and  so  white  tight  is  anoa loured. 
If  a  parallel  beam  of  light  of  one  kind,  one  wave-length.  0 
colour, — homogeneous  or  monochromatic  light, — be  cnnaod  to 
pass  through  a  slit  in  an  opaque  screen,  it  may  be  receive* I  14)011 
a  white  screen,  and  it  will  cast  upon  that  screen  a  coloured  image 
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of  the  slit.      If  the  light,  on  issuing  from  the  slit,  instead  of  being 

received  directly  open  a  screen,  be  made  to  pass  through  a  glass 

prism,  the  narrow  edge  of  which  is  held  parallel  to  the  slit,  it  will 

i  dam,  and  the  image  of  the  slit  will  now  be 

found  in  a  new  j>osition  on  the  screen.     If  a  beam  of  white  light 

be  so  dealt  with,  a  number  of  coloured  images  of  the  slit  will  be 

formed,  each  in  its  proper  place  on  the  Bereen,  each  image  over- 
lapping its  neighbour  if  the  slit  be  of  appreciable  width;  there 
will  thus  be  formed  a  many-oolonred  band  of  light,  in  which 
the  o ^mrs  are  marshalled  in  the  order  of  the  frequency  of 

their  waves, — the  slowest  waves,  the  red,  being  least  refract 
the    glass    prism;    the    quickest    waves,    the    violet,    be 
refracted.      This    is    the   spectrum  :    every  component    of   the 
id  white-light   is  displayed    in    the    spectrum,   each    in    its 
;   and  thus  the   prism  famishes  us  with  a  means  of 
analysing  light — that  is,  of  finding  what  its  components  are. 

Bui  leotrum  extends  beyond  the  visible  part   of  it  ,   the 

more  rapid  invisible  rays,  being  more  refrangible  than  the  violet, 
form  an  invisible  part — an  ultra-violet  region — which  we  di 
by  the  phenomena  of  fluorescence  (p.  467),  or  by  casting  the 
whole  ipeotrum  upon  a  sensitive  photographic-plate,  upon  which 
we  afterwards  rind  a  record  of  a  region  of  the  spectrum  iin 
to  the  eye;  and  the  slower  dark-heat  rays  form  an  invisible  part 
of  the  spectrum  beyond  the  red,  the  heat  spectrum  Of  ultra-red 

region,  uol  visible,  but  demonstrable  by  means  of  any  apparatus 
such  as  a  thenno meter  or  a  thermopile  (Fig.  212),  which  is  sensitive 

to  heat.      If  the  prism  used  be  made  of  quartz,  or  if  the  spectrum 

reduced  by  reflexion  from  a  difiracldon-graJang  (p.  608),  it 

will  be  found  that  the  ultra-violet  re-iou  is,  if  the  light  analysed 
be  that  OJ  lie-  alectrJa  arc.  tidin  six  to  Bight  times  as  long  as  the 
whole  of  the  vi-ible  part  of  the  Spectrum;  while  if  the  prism 
used  be  of  glass,  it  a*bsorba  to  a  remarkable  degree  these  rapid 
ultra-violet  waves.  If  the  light  analysed  be  that  Of  the  sun,  the 
ultra-violet  part  of  the  spectrum  is  comparatively  very  short,  on 
account  of  absorption  by  the  atmosple 

Tlii-   cir..'-t    of  the    at  up.  .-lit    is 

llv  bright  bluet  ;u"'  &  siinmtlj  rise  in  tl>"  nan  tvfran^ible  raya, 

but  ftltrutirm    thtuiijli    l\\..  i  .!«•  sun  mci  tlc.t 

<>f  the  earth — Hudm  St  a  \vlli-\visii-wliir    Lai  The  nltn-Tiolst  pait 

of  tbs  ipeetrnn  i«  enormously  brighter  at  ln^h  ;il 

Compound  Coloured-Light. — Let  us  now  east  a  beam  of 
sunshine  or  of  electric  light,  shining  through  a  slit  in  an  •  ■; 
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screen,  upon  a  piece  of  greenish-blue  glfttS,  ami  receive  upon  a 
white  screen  the  light  which  passes  through  this  coloured  glass: 
by  the  aid  of  a  lens  we  may  obtain  a  greenish -blue  image  of  the 
slit  upon  the  screen.  So  far  as  we  have  }ret  learned,  such  coloured 
light,  whatever  be  the  ine<  I    D  I  l    its   ptoduotion,  is  a   single 

kind  of  light — perhaps  due  to  waves  of  only  a  single  freqUBB 
whether  this  be  so  in  the  particular  case  may  be  tested  by  inter- 
posing a  prism  in  the  path  of  the  coloured  beam  of  light:  if  the 
greenish-blue  light  be  homogeneous,  we  shall  ogprfn  have  on  the 
screen  an  image  of  the  slit,  altered  in  position,  l>ut  not  in  colour. 
This  is  not  what  we  find :  a  short  and  imperfect  spectrum  is  pro- 
duced ;  the  transmitted  greenish-blue  light  is  analysed  by  the 
prism  into  green  light,  blue  light,  yellow  light,  With  perhaps  some 
other  colours,  more  or  less  faintly  represented. 

IUf  phenanMB  rv  sinpilar.      It  shows  that  two  widely-differing 

deal  cause*  arc  capable  of  producing  exactly  the  aauie  colon  r-aensation  : 

tin-  one  being,  a*  wo  have  already  wen,  the  impart  of  I  th.-r-waves  of  a  single 

I      i    •  |  th«-  joint  iiiijiac-t  uii  tiit    .  uiuuber 

of  wave  eyeUuus,  Moh  of  which  is  i  lo  act  independently,  of 

g  a  di.-tmct  sensation;  and  the  colour-sensation  which  is  produced 
bf  the  joint  a<ti«>n  of  tlie*e  ware-systems  may  differ  from  that  wliich  char- 
acterises an v  out  of  them.  Ii  is  a-  it  a  listener  to  concerted  mn.-ie  were  to 
luar  the  strain*  of  an  orcliestni  compounded  into  KKBt  w>rt  of  Imid    melody 

iverap*  pitch,  he  lteing  wholly  unable,  hy  his  unaided  ear,  to  recognise 
tin-  r -:il  1  v  NHBDOMtd  nature  of  the  KKU  BL      Then,  vnetbei  the 

instrument.-  all  played  in  uni.-on  «,r  diverged  into  pre  calculated  harmony,  the 
main  the  same. 

Further,  many  such   mixture*   may  produce   the   mil  ''IT  imple 

sensation  ;  and,  accordingly.  Mich  a  phrase  as  "green  light  "  or  "orange  light* 
U  perleot]  Bnlees  it  be  ■oeomponlad  by  a  specificnti  booJ 

cause. 

Complementary  Colours. — The  green  Hi  -blue  glass  in  the 
instan«  e  just  alluded  to  has  in  whole  or  in  part  prevented  the 
transmission  of  violet  light,  of  red,  of  orange,  and  of  other  kinds 
of  light  wtden  are  present  in  white  sunlight  ;  the  complex  of 
undulations  thus  denied  transmission  would,  if  collectividy  allowed 
to  impinge  on  the  eye,  have  produced  a  single  sensation  of  red 
Light  If  this  compound  red-light  bad  not  been  obstructed  by 
the  coloured  glass,  the  trans  would  have  l>een  white; 

this  compound  red-light  thus  obstructed  by  the  greeniao  glass, 
and    the  compound   greenish -light    transmitted    by   it.   will   pass 

ther  through  a  piece  of  clear  glass,  and  will  together  produce 
the  sensation  of  white  light  To  the  eye  it  is  a  matter  of 
indifference  whether  the  red  or  the  greenish  light  be  monocbro- 
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matic  or  compound  ;  monochromatic  red-light  mid  monochromatic 
greenish-blue  light,  allowed  to  fall  upon  the  same  spot  in  the  eye, 
will  mingle,  Bod,  if  they  be  of  the  proper  tint,  will  produce  tin- 
compound  sensation  of  white  light.  These  colours,  red  and 
< -enish-blue,  each  of  the  proper  tint,  an;  thus  Complementary 
to  one  another;  together  they  make  up  white  light 

The  following  pain  Of  aolout  m,  among  others,  thus  complementary  to 
one  another  : — Red  niul  ;i  wry  gIMllkfa  hlue,  orange  md  i  i  rutlur 

greenish  l.-lue),  yvUow  and  ultramarine  bine,  greenish -yellow  too  \i  It, 
green  and  "  purple,"  the  latter  btfalg  a  colour  not  in  the  ^ootniO,  but 
formed  by  the  superposition  of  blue  and  ml. 

Tin:  expression  "  white  light"  standing  alone  is  thus  also 
wholly  vague ;  physiologically  it  means  light  which  produces  I 
sensation  of  white  ;  physically  it  may  mean  (1)  a  mixture  of  all 
possible  light- waves,  long  and  short,  in  certain  proportions;  or  (2) 
a  mixture  of  two  complementary  simple  colours;  or  (3)  of  a 
simple  colour  blended  with  a  complementary  compound  one  of 
any  degree  of  complexity. 

The  white  light  of  sunlight  at  sea-level  ie  made  up  (Vierorclt  and  Rood) 
by  a  mixtuiv  (  =  1000)  of  Am  follow  ing  toluuivd  lights  : — Red,  54  j  OEM 
rod,  140;   Orange,  80;  Oniiig<-wlli>u-,  114;   YgQoW,  54  ;  l.'iivni>h-wllow, 
206;   Vt lHowitk-gP •« ",    l$l  I   QfStB  and   bkno-gTStn,    134;  Cyan-blue,  32  ; 
Blue,  40  ;  Ultramarine  and  bhif-vioU-t,  20  ;  Violet,  6. 


Radiations  of  a  Hot  Body. 

The  hotter  a  body  the  greater  the  intensity  of  the  aggregate 
disturbance  which  it  sets  up  in  the  ether ;  and  further,  the 
greater  the   frequency  of  the   most   rapid   cot  s   of  that 

disturbance.  A  white-hot  iron  ball  is  visible  iu  a  dark  room  ;  it 
emits  dark  heat-rays,  light-rays,  and  also  the  rapid  ultra-violet 
rays:  it  can  be  seen  and  photograph • •!.  mid  its  warmth  can  be 
Gall  at  a  distance.  If  it  be  intensely  hot  it  may  emit  so  great  a 
proportion  of  violet  and  blue  light  that  it  appears  bluish ;  it  is 
"  blue-hot" 

As  it  cools  down,  the  more  rapid  vibrations  die  away  ;  the 
ultra-violet  waves  cease  to  be  formed ;  the  mass  becomes  some- 
what less  easy  to  photograph  by  its  own  light.  Gradually  the 
violet  rays  cease  to  be  emitted :  the  light  radiated  is  now 
apparently  tinged  with  yellow :  the  apparent  colour  becomes 
orange,  then  red;  a  body  at  a  rtd-beat  is  difficult  to  photograph, 
though   it  continues  perfectly  visible  iu   the  dark.      When   its 
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temperature  sinks  to  a  point  below  525°  C,  it  ceases  to  radiate 
Light  and  becomes  invisible  in  the  dark  ;  it  continues,  however,  to 
radiate  heat,  as  may  be  felt  for  some  time  by  the  cooler  bar  I 
placed  near  it. 

The  luminous  radiation*  of  an  Argiun]  oil-  hiuji  are  2A%  of  the  whole  : 
of  a  gas-flame,  5  ;  a  Mini  lllllj,'.  M  ;  a  small  tdeetric  arc,  10  ;  a  5000-candIe 
arc,  at  3000°  C,  25%.     Of  the  solar  radiation,  25%  is  luminous  (Sir  C.  W. 

It  never  ceases  to  radiate  heat;  it  could  not  cease  to 
do  so  unless  it  were  cooled  down  to  absolute  zero.  Since  the 
molecules  of  all  bodies  are  in  repeated  collision  with  their  fellow- 
molecules,  as  they  rebound  at  each  collision,  they  thirst  and 
they  vibrate.  They  must  therefore  continuously  originate  ether- 
waves — waves  which,  when  the  temperature  of  the  body  is  below 
525°  CL,  are  too  slow  to  affect  the  eye. 

Exchange  of  Radiations. — Two  bodies  placed  opposite  to 
one  another  with  intervening  ether  of  which  we  cannot  get  rid, 
and  with  or  without  intervening  air,  may  present  the  two  follow- 
ing cases  :— 

1.  Both  may  be  of  the  same  temperature,  in  which  case  the 
one  loses  by  imparting  to  the  other  exactly  as  much  energy  as  it 
takes  up  from  those  eth.T  waves  which  strike  it.  having   been 

:inated  by  the  other  hot  body  ;  whence  two  bodies  equally  hot 
exchange  their  energies  by  radiation,  but  do  this  to  an  equal 
extent,  and  there  is  thus  no  change  in  their  relative  temperatures. 

2.  The  one  may,  on  the  other  hand,  be  hotter  than  the  of  I 
The  hotter  body  sets  up  a  more  vehement  system  of  ether-waves 

than  the  eoldez  one  can ;  iii  doing  this  it  expends  it.-,  energy  to  a 
greater  extent  than  the  colder  one  does;  the  hotter  loses  more 
energy  than  it  gains ;  the  colder  gains  more  than  it  loses ;  in 
course  of  time  their  energies,  ami  therefore  their  temperatures, 
become  equal :  when  the  temperature"  huve  become  equal,  thou 
the  two  bodies  still  go  on  imparting  energy  to  each  other,  neither 
profits  by  the  exchange,  and  their  temperatures  remain  relative  I  \ 

equal 

The  absolute  amount  of  radiation  of  energy  from  a  body  does 
not  depend  on  the  condition  or  even  on  the  presence  of  surround- 
ing objects,  but  solely  on  the  condition  of  the  body  itself.  It  is 
easy  t<-  the  absolute  physical  brightness  of  the  sun  or  of 

a  candle  is  at  any  moment  independent  of  the  presence  of  illu- 
minated objects;  it  is  not.  however,  at  first  sight  so  clear  that  a 
lire  not  only  warms  a  room,  but  the  room  also  warms  the  fire  , 
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that  the  sun  warms  tlw.  earth  while  the  earth — to  a  lesser  extent 
true — warms   the  sun;  and    that   the  wanning  of  a  colder 
body  by  a  hotted  one  depends  upon  the  difference  of  two  similar 
but  unequally-opposed  actions. 

When  a  lump  of  iee  is  placed  near  an  object  at  tin-  pnlJnat  |  tomponitnia, 
that  ol.jfot  is  eootod  ;  it  loses  to  the  ice  more  heat  than  it  gets  from  the  ice  : 
the  ice  apparently  radiates  cold. 

When  one  body  is  surrounded  by  another,  the  body  enclosed 
and  the  walls  of  the  enclosure  come  to  have  the  same  temperature 
if  they  be  relatively  at  rest.  A  thermometer  whose  bulb  is 
immersed  in  a  cavity  will  come  to  indicate  the  temperature  of  the 
walls  of  the  cavity,  whether  it  be  in  contact  with  them  or  not. 
This  equalisation  of  tern j»eral me  by  radiation  is  QQito  independent 

of  the  form  of  the  walls  of  the  >  ;n 
a  cavity  of  any  form  acts  in  the 
same  way  as  a  spherical  cavity  would 
do.  In  figure  154  the  irregular 
hollow  body  ABC  surrounds  a  b 
EC;  both  B  and  ABC  assume  after 
some  time  a  common  temperature, 
and  remain  at  an  equal  temperature. 

The  irregular  body  ABC  nighl  bl  re- 
placed by  tin-  hollow  spherical-body  FGfi, 
or  by  the  hollow  tftbm  KLM.     From  this 
•  tin-  faUowi&g  proporittoN. 

1.  The  amount  of  energy  received  hy  a  proving  surface,  per  unit  of  its 
area — the  amount  of  heat  received,  the  brightness  of  Ugbl  there — varies 
inversely  as  the  square  of  the  distance  from  the  Bource  of  radiation.  The 
advantage  of  extensive  surface  possessed  by  the  larger  spln-re  ELM  h  I -\a>  fly 
neutralised  by  its  disadvantage  of  distance  ;  its  surface  is  greater,  the  radiation 

ived  by  it  per  unit  of  area  is  less,  both  in  the  rutin  of  the  squares  of  the 
radii,  uml  the  total  radiation  received  by  it  is  the  same,  whatever  be  its 
radius. 

A  candle  at  the  di.-tamv  of  1  foot  em  illuminate  1  printed  page  as 
brightly  us  a  25-candle  gas-burner  at  I 

A  bright  wall  El  •  wiiall",   brl  'lit  .11    all   di-tances  when   looked  at  th- 
a  narrow  tube.     Close  at  hand  it  ippQaM  brighter,  but  less  of  it  -en  ; 

at  a  distance  it  appears  dimmer,  but  nmrc  of  its  surface  am  Ik-  NOB  ;   in  all 
cases  the  amount  of  light  falling  on  a  given  area  of  the  retina  is  the  same. 

2.  Win m  ■  plane  wave  whose  area  is  AB  itrikes  squarely  and  siinul* 
taneously  all  parts  of  a  surface  wl  is  also  AB — the  normals  to  tin- 
wave  being  also  normals  to  the  receiving  surface  —  the  receiving  surface 
receives  a  certain  tuimher  of  units  of  energy  per  second.  In  Fig.  155  AB  is 
a  hot  "r  bright  body  radiating  I  rl- 0 ■■«  RV6I  I  ID  \  CD  receives  e  \< 

gy  par  Hoond 

If  the  n  ',  say  into  the  position  DE,  the  wave- 
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Ir-'iit.  striking  obliquely,  is  now  able  to  cover  the  larger  rarfoefl  I'K  ;  no  mure 
Of  the  wave   can   now    reach    DE    titan  w.aild   prevhan  :  t  00, 


Fir-iae. 


__e 


The  same  •  nmntity  of  energy  i>  thus  dlftrlbob  -1   "'.-'i  a  laRJtt  lOlfaoi  !   the 
quantity  of  energy  communieatcd  t"  it  per  unit  of  its  ana  i.«  <liiiHui.-ili.il 

CD 
in  the  ratio  — -,  or  ia  equal  to  (e  x  cob  CDE)  unit-. 
DE 
In  accordance  fritb  this  the  intensity  of  sunlight  at  noon  is  greater  than 
dating  the  earlier  and  later  portions  of  the  'lay.  when  the  surface  of  the  earth 
ia  presented  uhliijuely  tB  the  sun's  radiation. 

3.  L't    VI'.  (  I'  •  r  DE  ;  then,  whether  the  surface  be 
the  smaller  <  * l -»  vertically  faring  it,  "«   the  larger  DM  |H»nged  "l  I f-ju.-l  v,  ia  a 

ni.itt'i -of  iii'liil' mnu M  ;  in  either  dim  there  will  hi  rnfltonrl  txnrudi  Ali  tin 
same  am  -ivy-      DE  therefore  ndiftfaai  towards  AB  in  the  direction 

1H:.  id  HUfnoo   than  I  ID  does  in  that direction  when 

e.piallv  heated,  and  that  in  tl.  :  I. 

Won  thia  not  ao,  and  did  a  hot  surface  radiate  equally  in  all  three! 
then  a  bodj  placed  within  a  hot  enclosure  might  become  hotter  thin   Al 
walls  of  that  enclosure. 

ThU  principle  explains  the  Spplltnt  uniformity  of  brightnOM  of  the 

Towards  tie- mur-in  of  the  sun's  apparcjjt  ni  eu^ial 

to  siniiln  're  ntv  in  ifgH  ;   hut  we  ROB  them 

obliquely  ;  their  larger  Kiip.  rlieial  area  exactly  com  pen  sate  - 
•  ililiijin-  a- 

4.  Radiation  reflected  from    i  mirroi   ton  l<  er  make  an  obj<  H  t 
placed    It    lh<     (bCOl  i  I'lial.-  DION  UMttgf  \"-r  -«|.  em.  than    the    BOOBM  does  ; 

temperature    Of   th.     ibjlOl    laUTiut  BXOeed  that    ol    the    Source  J    but  the 

li  loficientty  mnUfOoiM  bo  the  nine  feempemiore  n  the  mm 

alter  wh  ;-  between    it    and    the  OOOrcO  ID  equilihrium  of   radia: i 

Whmoi  a  thin  wire  in   the  foeOJ  of  a  very  large   mirror  in   sunlight  Ottght 
(atmoapheric  auearptioOj  etc,  a  par  OU  np  to  the  Sun's  Teni]>ernt 

(3000"  GL,  Siemens,  but  not  to  exceed  It 

Thi'  law  just  stated — that  bodies  are  always  radiating  and 
riving  enexgy — that  the  amount  of  radiation  depends  on  t 

temperature    of    the    radiating    bodj — that     nt     constant    loinpei 

aturea  bodiee  radiate  as  much  energy  as  tiny  receive — is  known 
PrevoBt's  Law  of  Exchanges.     From  this  it  follows  that  good 

radiator  I  tat   good  absorbents;   and  conversely ,  good  absorb- 
ents are  good  radiators. 

If  •  hot- water  Ve«d  be  fnifloded  to  retain  it-  heat  for  a  comparatively 
period  in  the  open  air.  it  mutt  temally  ;  ■  polished 

being  a  good  reflector,  i*  a  bad  obsorbent)  bod   nidiatoi  ; 

while  a  blackened  surfn  good  alitorbent,  is  a  good  radiator,  and  heat 
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is  with  comparative  rapidity  lost  through  a  Porting  of  lampblurk,  provided 
that  it  be  not  bo  thick  as  to  impede  conduction  of  heat  to  the  surface. 

I'K'Vost's  Law  is  Dot  only  true  of  the  aggregate  energy  gained 
Oft  loft  by  |  body  through  radiation;  it  is  also  true,  as  Balfour 
Stewart  lias  pointed  out,  with  regard  to  each  particular  form  or 
kind  of  radiation  by  means  of  which  energy  may  be  conveyed 
between  neighbouring  objects. 

If  a  piece  of  yellow  glass  1*  placed  within  n  hot  shell  of  ir.m,  the  gloss 
and  tl '■  v  lmtli  shine  by  their  nwn  light,  and  tin-  glw  may  b|  looked 

at  thro  : : u t •_•  aperture  iii  the  wall  of  tin-  ballon  ahelL     Yi.Ukw  gjmi 

ine  light,  and  a  « 'Idle-hot  object  looked  at  through  it  appears 
yelluw,  pnfidad  that  the  glass  be  colder  than  the  source  oi  the  white  light  ; 
l>i«t  wli'  n  Qm  vellow  glass  is  itself  H  DOt  as  the  source  of  while  light,  OS  it 
must  be  iri  llii>  iutanoo,  in  wfaj  ll  through  tlir  white-hot  glas*  at  tin' 

white-hot  wall  of  the  iron  shell,  the  glass  aeema  perfectly  transparent 

I  iiii.-  ligliit,- — a  phenomenon  which  may  l»e  interpreted  as  showing  that 
while  the  gloss  only  transmits  yellow,  it  itself  radiaten  blue  light;  the  aggro- 
gate  radiation,  the  transmitted  yellow  and  tfe  blue,  prodttOiBg  in  the 
eye  an  aggregate  effect  of  pure  white.  If  the  yellow  glass  be  hotter  than  the 
source  of  light  behind  it,  it  seems  relatively  blue.  The  conclusion  is,  that 
aa  yellow  glass  absorbs  hlue  light,  so  when  itself  heated  it  radiates  blue 
light. 

Stokes's  Law. — A  body  which  absorbs  any  particular  kind  of 
radi&tiOD  will  in  general,  when  heated,  become  a  sourer,  of  radia- 
tion of  the  same  kind  ;  just  as  a  resonator  will,  when  it  vibr 
impart  to  the  air  the  same  kind  of  sound  of  which  it  may  rob  the 
air  when  it  is  relatively  at  rest. 

If  a  screen  of  strings  tuned,  say  to  the  note  of  a,  be  arranged 
between  a  Bounding  a  OTg&n-pipQ  and  a  listener,  the  latter  will 
hear   comparatively   little   of  the  sound   produced   by  the  pipe; 

resonance  the  String  taken  OS  the  energy,  and  have 

converted  part  of  it  into  heat  It*  ■  mixed  BOWli  were  produced 
on  the  further  tide  of  Boon  a  screen,  the  sound  of  a  would  not 
be  transmitted  to  the  listener;  the  rest  of  the  mixed  sound 
would  be  beard  by  bin. 

When  mixed  ether- waves  strike  a  system  of  molecules  of 
which  i!  tuned    to    partieuhtr   freijueiicir.s,  those  moleOl 

will  take  up  tlie  energy  of  vibrations  of  those  frequencies:  the 
body  will  appear  to  l>e  opaque  to  the-  Hiding  w. 

From  the  reciprocity  of  absorption  and  radiation  it  follows 

that  if  a  given  sulwtance   be  divided  into  portions  of  which 

one,  A,  is  hot,  while  the  other,  B,i-  r'ompnrutively  cord,  radiations 

from   A    will   be   absorbed    by   B;   the   oooler   portion,   B,  is 

llgOJ  to  radiations  from   the  hotter  portion.  A.     Thus,  if  car- 
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bonic  oxide  be  burned,  its  flame  contains  hot  earbonic-acid  ;  the 
radiations  from  such  I  Sofflfi  Oftnnot  pass  through  pure  carbonic- 
Mid  are  checked  in  very  large,  proportion  by  air  contain- 
ing even  a  very  small  percentage  of  that  gas  or,  curious  I 
CSf-  vapour. 

A  hjdXDgeU    '  [ti.  .iH-viii"'iu  ;  tin-  Ih'.U   i     ii.ii.l  from 

this —  very   slow  dark    lu-nt  wuv.-s —  cannot   pHI   through   aqueous  vajwur  : 

iu   ilii-  \*ay,  aa  Pnjf.  Tyrnlall  hn  dlOW&,  while  the  sun's  li^lit  and  heat 

can  reach,  the  earth's  n  rftm  thnNtgjb  tin-  liinuhl  ul tu«^!iln-r v,  tlu-ii  rfirct  is  to 

Mann   tin-  <,ntli  .ui'l   BUM   it   t->  pKXtOQC  .slow  waves  of  dark  heat  ;  these 

:i    Imi"       I     thf    wuv.-s    pgochtwd    by    hot  aqueous -vapour   in    a 

hydrogen  Hume,  and  they  cannot  pass  away  through  the  aqueous  vapour  of 

ujosphere.     The  atmosphere  thus  acts  as  a  kiinl  <>f  hint-trap,  and  the 

surface  of  the  earth  i  :  fad)  extremes  of  cold  produced  by  excessive 

radiation.      But  for  the  atnoipbaTfl  the  rarth'i*  temperature  would   be   below 

-  43°  C,  even  unuVi  tie-  vertical  rays  of  a  tropical  sun  (Laugh- 

Burning  sodium- vapour  emits  a  particular  yellow  light;  if 
looked  at  through  a  mass  of  sodium- vapour,  it  can  hardly  be 
seen;  sodium -vapour  absorbs  tlie  light  given  out  by  hotter 
sodium-vapour.  Even  though  light  of  that  particular  kind  do 
not  happen  in  any  particular  instance  to  have  lieen  emitted  by 
homing  sodium,  if  the  attempt  be  made  to  transmit  it  through 
sodium- vapour,  the  sodium-vapour  will  ho  found  onsojBfl  to  that 
kind  of  light  If  an  electric  lamp  produce  a  beam  of  light  which 
contains  amongst  others  this  particular  kind  of  light,  and  if  a 
spirit  lamp  have  salt  (NaCl)  placed  in  its  wick  so  that  it  gives 
out  this  particular  yellow  light,  this  denoting  that  the  spirit-lam]. 
flame  contains  incandescent  sodium-vapour ;  and  if  the  electric 
arc  be  looked  at  through  the  spirit-lamp  Hume, — tlu-n  the  oolOQI  of 
its  light  would  appear,  if  the  eye  were  sufficiently  sensitive,  to  be 
altered  ;  it  is  bluer;  the  sodium- yellow  Ugh!  of  the  electric  arc  is 
absorbed  as  it  passes  through  the  coinparali\ely  cool  spirit-limp 
flame,  winch,  by  its  own  comparatively-feeble  radiation,  d00S  not 
repair  the  damage  done  by  it.  and  the  tight  which  has  passed 
through  the  spirit-flame  is  comparatively  (not  absolul  .  uting 

in  that  particular  kind  of  yellow.     The  beam  may  be  made,  after 
passing  through  the  sodium-vapour,  to  traverse  a  slit  ami  a  p 
and  thus  to  form  a  spectrum  on  a  screen.     Tt  will  bs  found,  if 
this  be  done,  that  the  spectrum  is  discontinuous ;  at  the  place 
where  the  jiarticular  yellow  light  OUght  to  have  been  found 
WOnld  have  been    found  had   DO  spiiitdamp   thmie.  in  \  wc 

tind  a  dark  line — a  dark  I  the  slit,  whirl),  if  the  slit  be 

line  and  the  focussing  accurate,  is  found  to  be  a  double  lino;  a 
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line  not  absolutely  Hghtilooa.  but  shilling  with  the  comparatively- 
Eseble  rayi  of  the  spirit-lamp,  and  therefore  dark  is  comparison 

with  its  environment.  If  tin-  temporatore  of  the  Spirit-flame  be 
increased,  the  dark  line  brightens  up;  if  the  temperature  of  the 
absoil  ual  to  that  of  th.  •,  there  is  no  dark  line;  if 

the  temperature  of  the  absorber  be  higher  than  that  of  the  source, 

more  of  the  particular  light  is  emitted  than  is  absorbed  by  it,  and 
the  hoe  ifl  relatively  bright.  The  prism,  which  resolves  any  com- 
pound  light   into  diiTeientlv-eoloured  linear  images   of  a  slit, — 

Images  which  si  and  side  by  aide  bo  closely  as  to'  blend  into  one 
an-  it  her,  but  any  defect  or  redundancy  of  brightness  in  any  one 
or  in  any  group  of  which  can  be  at  once  detected, — offers  a  more 
delicate  means  of  investigation  thau  the  eye  can  afford.  In 
Spectrum  Analysis  a   prism   or  a   diffraction-grating  is  used  to 

disperse  into  a  Bpeotram  the  light  which  passes  through  a  narrow 
slit  from  a  luminous  body ;  by  inspection  of  the  spectrum  we  can 
at  once  see  what  kinds  of  light  arc  emitted,  and  what  kinds  are 
not  emitted,  by  a  luminous  body.  But  the  kinds  of  light  emitted 
by  incandescent  substances  are  generally  (since  they  de 
the  vibrational  frequencies  of  the  molecules  of  the  substances) 
distinctively  characteristic  of  each  ohemical  element,  ami,  to  a 
certain  extent,  of  each  physical  state — of  each  degree  of  too 
ature — of  the  incandescent  substance. 

The  spectrum  of  the  limelight  is  continuous  ;  that  of  the  sun 

is  not.  It  presents  dark  lines ;  among  others,  the  doable  sodium- 
line  :  the  presence  of  this  indicates  a  bright  central  source  of 
light,  a   hot  region   of  the   sun's  I  re,   containing   incan- 

descent sodium-vapour,  the  light  from  which  is  absorbed  by  the 
cooler  sodium-vapour  i\i  the  upper  and  cooler  regions  of  the  same 
atmosphere.      These  lines,  discovered  by  Fraunhofer,  and  named 
aim.  are  distinguished   by  letters;  and   the   be  I    ol 

the  numerous  Fmnnhofer-Hnea  are  known  as  A,  B,  and  C  in  the 
loulile  lie  B  Bide  of  yellow,  B  in  the  [ 

F  in  the  blue,  t;  at  the  beginning  and  EL  and  EL  near  the  end  of 

the  violet.      The  position  of  any  colour  is  often  roughly  Sp* 

by  stating   its   proximity    to   one   or  other    of   these    Frauuhofer- 

lines. 

When  the  body  radiating  energy  consists  of  a  gas,  each  mole- 
cule, as  it  proceeds  in  its  free  path,  executes  bee  vil .rations,  like 
a  vibrating  tnning-fork  thrown  through  the  air;  and  the  mass 

thus   Vibrating   may   impress   upon    the   ether    only  one   kind    of 

vibration,  or   perhaps,  if  the   structure  of  the  vibrating   molecule 
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be  complex,  a  large  though  not  an  indefinite  number  of  umttl- 

taii  illations  whose   frequencies  may  or    may  BOt   he  eoni- 

inensurable.       Tliu.s  a   white-hot   vapOUX   may  emit  only   a   tew 
distinet   kinds  of  light,  anil    may    produce   a    line-spectrum — a 
spectTuni  consisting  of  a  few  isolated,  linear,  diversely-eoim  i 
images  of  the  slit. 

A  way  ran  gas  may  emitverv  littK-  heat  or  light  even  jit  Mich  tamper- 
ifcnra  M  1500"  C. :  gases  arc  bad  radiators.  The  outer  shell  of  n  flame  is 
non-luminous.  Vapour*  arc  nearer  their  point*  of  hqut faction  than  gases 
are,  and  are  better  radiators. 

When  the  particles  are  so  close  together  as  to  have  no  free 
path,  or  but  a  small  one,  they  wry  frequently  collide  and  re- 
bound, and  thus  vibrato  in  an  irregular  manner;  no  raU:  ol 
vibration  is  long  enough  absent  for  the  eye  to  detect  its  absence. 
From  the  radiations  of  an  incandescent  solid  or  liquid*  DO  kind 
of  radiation  appears  to  be  absent  up  to  the  most  rapid  which  is 
given  out  by  the  inoandesces  and  the  spectrum  of  such  a 

body  is  continuous,  so  far  as  it  extends.  It  is  not,  however 
necessarily  equally  bright  throughout,  for  ilidymium  and  erbium 
oxides  give  well-marked  bright  bands  in  the  spectrum  of  the  light 
which  they  emit  while  incandescent 

If;1  oft  vapour  be  compressed,  the  shocka  between 

its  molecules  become  proportionately  DOOR  numerous:  if  its  tem- 
perature be  increased,  the  energy  of  each  shock  becomes  greater; 
in  either  of  these  cases  the  vibrations  of  the  molecules  tend 
towards  irTegqiarity  and  complexity;  and  there  may,  in  addition 
to  the  main  free- vibration  of  the  molecules — which  is  well-marked 
if  there  be  any  appi  —be  a  number  of  additional 

vibrations  of  all  or  of  many  frequencies:  ■  condition  which  is 
indicated  by  the  broadening  of  the  lines  in  a  linear  spectrum  of 
a  gas  into  the  bands  of  a  band •  spectrum.  As  pressure  is 
relieved  the  spectrum  merges  into  that  of  an  ordinary  incandes- 
cent gas,  nr,  on  the  other  hand,  as  tin-  pressure  is  increased,  into 
the  continuous  spectrum  of  an  incandescent  liquid  or  solid. 

Continuity  between  the  gaseous  or  vaporous  and  the  liquid 
states  is  thus  indicated  on  an  independent  ground. 

tight  from  incandescent  soli<ls  or  liquids  travels  from  come  distance 
within  the  surface  ;  for  it  is  polarised  at  right  angles  to  tie  in- 

cidence ;  this  shows  that  it  has  been  refracted  on  its  outward  passage  through 
tie:  surface  of  the  imumlescent  body  and  into  the  rarer  KUIUIUuUag  medium 
I  from  taeandefcent  gases  is  not  polarised  ;  sunlight  is  not  polari-S'  I  . 

beam  sunlight  InomdeMnrt  gu  en  rtpouh 
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Variations  in  the  light  emitted  by  one  and  the  same  sub- 
stance under  different  conditions,  and  therefore  in  the   spectrum 

in  light,  serve  to  indicate  molecular  changes  in  the  substance 
which  radiates  light.  Salts  have  a  different  mode  of  vibration, 
and  therefore  a  different  spectrum,  from  their  component  elements; 
heat  or,  if  heal  tail,  a  discharge  of  high-tension  electricity  will 
l'ir  :   np   into    their   elements.       Even    the   elements   arc 

I  to  comparatively -simple  forms  of  aggregation  by  high 
temperatures;  their  continuous  sj>ectrum  breaks  up  into  one  of 
bands;  a  still  higher  temperature,  such  as  that  of  a  high  tension 
electric  spark  if  other  means  fail,  converts  the  spectrum  into  a 
line  spectrum, — the  line  spectra  being  perhaps  due  to  atoms,  the 
band  spectra  to  moleOOJea.  The  Spectra  of  the  same  substance 
at  different  temperatures  are  often  remarkably  dissimilar. 

At  temperatures  beyond  otU  reach,  such  as  those  of  some  of 
the  fixed  stars,  or  the  lower  levels  of  the  sun's  atmosphere — 
the  high  temperature  of  which  may  be  inferred  from  the  great 
amount  of  the  highly  -refrangible  rays  emitted  by  them — the 
elements  themselves  appear  to  be  broken  up  and  reduced  to 
simpler  forms  of  matter.  This  lends  probability  to  the  belief 
that  the  various  flletnentfl  are  modifications  of  one  kind  of  matter 
— a   belief    somewhat    strengthened    by    numerous    confidences 

between  the  lines  of  the  spectra  of  different  elements. 


Transmission.  Kkfi.exiox,  and  Absorption. 

When  ether-waves  fall  upon  a  transparent  body,  they 
through  it :  they  are  propagated  through  the  ether  which  lies 
between  the  molecules.  When  a  body  is  thus  pervious  to  light 
it  is  Specialty  said  to  be  transparent;  when  patvions  t«.  dark 
heat  it  is  said  to  be  diat  nermann  us, — no  special  term  being 
used  to  denote  transparency  to  actinic  radiation.  A  body  im- 
!•  rVionS  to  light  is  opaque:  impervious  to  dark  heat  it  is  adia- 
t  henna  nous. 

A  perfectly- tran  spa  rent  lxxly  is  invisible.  Colourless  thin 
glass,  with  a  dustless,  polished,  clean  surface,  approaches  this 
diameter :  objects  are  seen  beyond  it,  and,  as  we  say,  through  it : 

v  appear,  if  tike  glass  be  thin,  inappreciably  distorted.    Light 
may  be  refiV  OD  the  polished  surface  of  glass,  and  the  pre- 

sence of  th«  v    lie-  be  rendered  manifest  to  one  standing 

in   a  particular  position;   the  sun  shining  on  the  windows  of  a 
distant  fa  Ices  the  window-glass  visible. 
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If  glass   l>e   roughened   at  its  surface,  it   presents   numerous 

facets  which  reflect  light  so  as  to  make  the  glass  visible  in  all 
directions;  and  light  peering  through  it  ie  irregularly  turned  our 
of  its  path  in  all  directions ;  objects  beyond  cannot  be  seen  dis- 
tinctly, though  light  can  pass  through  the  whole  mass,  and  rou 
eued  glass,  though  not  perfectly  transparent,  is  translucent. 

When  glass  is  powdered,  the  powder  present*  so  mony  facets 
and  reflects  so  often  the  light  uhith  falls  upon  it  that  the  \\\ 
is   practically   opaque:   it   is   a   powder   which   reflects   in   ev> 

i  otian  the  tight  incident  apon  it — in  white  light  a  white 
powder,  in  red  light  a  red  powder. 

When  ether-waves  of  any  kind  impinge  upon  a  body  impervi- 
ous to  thflBD  their  progress  is  arrested;  in  part  tin  ivllectcd 
or  scattered;  in  part  they  are  absorbed  by  the  impervious  Ixxly; 
the  ether  loses  energy,  ordi nary  matter  'jams  it.  and  the  imper- 
vious body  is  heated  to  an  extent  corresponding  with  the  amount 
of  energy  absorbed — this  heat  1  nrnnmnnimfceri  to  the 
superficial  layer  of  the  body. 

If  ether-waves  impinge  upon  a  body  which  is  transparent  and 
dinlhermanous,   that  body   is  not   heated,  for  the  ethev 
pass  through  it  and  are  not  absorbed.      Thus,  uouuLain-air 

is  not  heated   by  the  sunshine  which  streams  tin  in  the 

shade  it  may  be  very  cold.      Sunshine  may  stream  through  clear 
ice,  or  even  through  honr-frosT.  without   melting   it.      If  there  he 
any  particles  of  dust  in  the  air  or  in  the  ice,  these,  being  (jpoq 
will  become  healed,  and  the  air  is  Bum,  luotioo,  rendered 

warm,  or  the  ice  is  milted. 

Some  bodies  are  impervious  to  all  kinds  of  radiation ;  others, 
having  a  power  of  Selective  Absorption,  are  impervious  to 
some  kinds  only. 

Tims  nt'liaut  heat  can  (miss,  while  the  more  rapid  light-wave*  cannot  past, 
through   a   thin   pIoN   of    bfafik   vulrnnite,   or  through   a  strong   solution  of 
inline  in  bisulphi.le  of  carbon  !  while  a  solution  of  alum  in  water  w,  on 
other  hand,  transparent  to  li^ht,  bat  »*  adinthennanou*,  impervious  to  h 
rays.     Lampblack,  again,  is  very  transparent  to  the  slowest  heat-wave*. 

A  soap-bubble  tilm  is  i  adiat hermanous,  cutting  off  about  half 

the  heat  of  an  in  Idi  Bfl  I 'earn. 

Glass  is  transparent  and  diat hermanous,  but  is  somewhat  opaque  k) 
ultra -viul.-t  rupi-1  ether- waves ;  a  quartz  prism  or  lens  allows  a  great  amount 
of  ultra-violet  radiation  to  pass  through  it  which  a  glass  prism  or  len*  wnuhl 
extinguish. 

The  absorptive  power  of  a  substance  may  not  be  so  extensive 
as  to  enable  it  to  absorb  and  extinguish  light-rays  or  heat-rays  of 
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all  kinds  ;  it  may  arrest  some  only.  A  piece  of  green  glass  can 
only  allow  a  curtain  number  of  kinds  of  light  t«>  pass  through  it; 
by  their  joint  impact  on  the  retina  these  produce  the  BePflatJOD  of 
green.  Sunlight  contains  other  waves  than  these ;  they  have 
been  absorbed  ;  the  green  glass  is  opaque  to  them.  These  waves 
would  together  have  produced  a  sensation  ut*  purple-coloured  light. 
II  this  purple  light  had  alone  fallen  upon  the  green  glass,  it 
would  not  have  been  transmitted  ;  the  glass  would  have  appeared 
to  be  opaque.  When  sunlight  is  directed  first  through  purple 
glass  and  then  through  green,  the  eye  perceives  blackness :  the 
two  pieces  of  glass  are  I  though  each  of  them  is 

transparent  to  its  own  kind  of  light. 

V.-rv  <larkiv<l  glass  and  green  glass  togetbec  prodOM  a  similar  .HV.t  f.f 
blackness  :  pale-red  glass  allows  some  green  light  to  traverse  it,  and  so,  when 
it  is  ooufainad  with  green  gloss,  the  result  is  duifc-gneo  li^ht. 

Nickel  nitr.u  <  red  and  violet,  and  is  then,  when  in 

solution.  Cobalt  solution  Ii  led.  A  mixture  of  ifpoftg  solution*  of  the  two 
!-  i.^  black  :  diluted  il  .  however,  almost  e<  dour-lew. 

Copper,  when  it   receives   the   IflBpSOft  of  white   light,  emits  OIBQge  light, 

ilu't    with    BOpei licially-retieeted    white    light.        Electrically -duposit.-.l 

OOpper,  while   iiimnTMil  in  |  solution  of  sulphate  of  OOflgWr,  which  does   n-»t 

. 1 1 1 " \n-  the.  tr.n  light,  liHik  Peril  does 

in  the  same  liquid. 

The  colour  of  a  coloured  object,  as  seen  by  trnnemitbed  li.L'iit. 
is  produced  by  subtraction  of  the  light  absorbed  from  the  Ijgfal 
incident  upon  the  object. 

The  kind  of  Ugh!  transmitted  may  vary  with  the  thickness 
of  the  absorbing  medium.  A  solution  of  chloride  of  chromium 
in  a  thin  layer  absorbs  much  yellow,  orange,  and  yoll«»wjsh-green 
light;  in  a  thicker  layer  it  absorbs  all  but  the  red  and  some  green 
and  blue;  in  a  still  thicker  layer  the  only  colour  transmitted  is 
Tod.  Thus  a  wedge-shaped  layer  of  this  solution  appears  to  vary 
in  •  cording  to  the  thickness,  from  a  greenish-blue,  through 

purple,  to  red.  Iodine  vapoux  transmits  a  blue  group  and  a  red 
group,  as  also  ultra-violet  rays;  together  these  produce  an  impres- 
sion of  purple  :  in  thicker  layers  the  blue  rays  alone  are  trans- 
mitted, and  the  vapour  appears  blue. 

When  11  fltroii£  solution  of  blood  is  interposed  in  the  path  of  a  betl 
tight)  BO   li^ht  hut  red   i«  iMIMUlitfted  ;  dilute   the   solution   gnulually,   and 
■lllWIMiillllj  llw   solution  appears   DUMB   BQd    DUBS  yellowish,  uud   •  •!    iucroBS- 

The  special  absorptions  of  absorbent  bodies  arc  most  thoroughly 

studied,  not  by  means  of  their  visible  colours,  but  by  the  prismatic 


xv.] 


ABSORPTION. 


463 


analysis  of  the  light  which  passes  through  them.  It  (a  then 
found  that  some  substances  absorb  several  distinct  kinds  of  Light, 
belonging  to  different  regions  of  the  spectrum, 

Transparent  colour;  h  which  light  is  ldt 

give  dark  bands  across  the  spectrum — the  so-calle«l  "Absorption- 
bands,"  which  indicate  what  kind  vi'  light  has  W-cn  stopped  and 

•  •.::  l»y  the  absorbent  object — these  bands  varying  in 
breadth  with  the  degree  of  concentration  of  the  absorbent  solution 
employed,  and  varying  in  position  with  Its  nature. 

When  a  lutJOfl  of  blood   i>  IfttCfpOQod  in  tin-   path   t>F  a  beam  of 

tight  which  i-  "ii  it*  wa;  I    i   s]h .train  on  .1  BQN8B,  all  the  ipeotnuo, 

with  tin'  :   pari  "I   it  in.      A.-  the  liquid  i*  1 1 i  1  i1 

On  theni  out:  orange,  yellov  im  mini— lirilj 

added ;  but  ti  ayt  remain  two  lvlatiwiv-dark  ihaotption-baiidi  ill  the 

tnini,  in  the  \.ll<.\v  ami  in  the  green,  bttwaon  the  FraunlmlVr  linai  kaoWB 

&&  D  and  K. 

If  An  blood  I  »rith  sulphide  of  ammonium,  it  will  be  red 

ita  oxyhemoglobin  will  beoofcM  ladttCOd  httmoglobia  :  tin-  '  li>niir.il  constitu- 
tion ••han^i-.s.  and  with  it  \h  lUKIiytlon-btlld  il  now 
a  single  band  placed  between  tlie  two  oreeedilgi 

If  n1«6orption-bandB  be  numerous  and  pretty  uniformly  distributed 
throughout  the  IpectriUD,  QT  if  tliey  be  in  complementary  ragiona,  the 
a>»orbent  substance  may  preiH-nt  ii"   listimii 

On  the  evidence  of  iihsorption-bandfl  Gapt  Abtiev  has  brought 
to  Ugfat  the  existence  of  traces  of  benzene  vujxmr  between  the 
earth  and  the  sun,  and  Pr©£  Langley  has  shown  that  there  are 
very  peculiar  gaps  in  the  heat-speetrum  which  are  probably  due 
to  absorption  by  the  upper  regions  of 

The  kind  of  light  absorbed  by  a  body  may  also  vary  with  its 
molecular  constitution. 

It  i*  supposed  by  Htlmholtz  that  each  ;i  »     pi '•  ence 

of  a  putioultt  kind  <>\   BMkoule,  differing  from  tin-  sim,  "le- 

cule.     Chlorine  has  many  abeorptiuu- bauds  in  ite  BpeotrUfflj  and  it  must 

•  ither  arrange  itself  in  many  kinds  of  m 

cule*,  considered  as  vibrating  bodiw,  must  In  ipUs. 

By  in  the  abeorption-baikta  ire  may  learn  that  sub- 

stances Qtt&nge  tlieir  molecular  constitution  when  heated.       Iodine 

pour  gives  an  extensive  absorption. j  when  highly  heated,  the 

absorption-sjnM ■truui  beCGfflSI  ivdutvil   fcO   a    fr.w  bands;   when  the 

vapour  is  still  more  highly  heated,  some  of  tin*  &bsorption.-b  i 
disappear,  and  one  oi  them  ia  replaced  by  a  group  "f  fine  lines. 

Sulphur-vapour  change*  it*  abeOtptiOD-fpectniBa  when  it.-*  density  rhangee 
at  1000*  C  ;  Nj04,  whm    it    •,.-.,ul.  .    Mi  thottgb  it 

does  not  do  so  when  it  becomes  a  liipml  :  EudiW  .  OS  thfl  other  ham!,  V 
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dissolved  in  cnrlmn  diwiIpnidG,  hu  the  same  absorption-spectrum  as  when  it 

in   Hit;  State  Of  vapnlir. 

In  a  red  solution  of  cobalt — the  chloride,  for  example — when  heat  is 
appln-d  t"  it.  the  salt  enter*  into  a  different  state  of  hyilr.Ui.-n  ;  its  molecular 
structure  is  changed  ;  the  .solution  become*  blue. 

If  there  be  no  molecular  difference  between  a  substance  in- 
candescent and  the  same  substauce  absorptive  of  light  from  a 
hotter  object,  a  condition  probably  realised  in  the  case  of  didy- 
inium.  erbium,  and  terbium  ( on-pounds,  the  incandescence-  and 
the  absorption-spectra  will  be  mutually  complementary;  the  one 
ng  bright  lines  where  the  other  present*  dark. 

The  Colour  of  a  coloured  object  seen  by  reflected  light  is 
also  generally  due  to  absorption.  An  object  seen  by  reflected 
sunlight  does  not  appear  to  be  coloured  in  any  degree  unless 
there  have  been  absorption  of  some  of  the  components  of  the 
incident  white-light,  and  the  colour  of  a  coloured  "l'ject  is  com- 
plementary to  the  colour  which  would  have  been  produced  by 
these  absorlied  components  had  they  jointly  impinged  on  the  eye. 

Some  of  the  light  incident  on  a  piece  of  coloured  glass  is  re- 
flected at  its  surface  ;  there  is  no  absorption  ;  if  the  incident  light 
be  white,  the  light  reflected  is  also  white.  If  a  piece  of  green 
glass  be  laid  upon  black  paper,  and  if  it  be.  looked  at  in  such  a 
direction  that  daylight  is  not  directly  reflected  from  it  into  the 
eye,  it  will  be  nearly  invisible,  and  will  be  devoid  of  colour;  it 
will  appear  black.  If  coloured  glass  be  ground  to  powder,  the 
powder  is  white  ;  white  light  is  reflected  at  every  facet,  while  the 
light  reflected  from  the  lower  surfaces  of  the  fragments,  and  ag 
issuing  into  the  air,  has  nowhere  traversed  a  layer  of  suflici 
thickness  to  cause  the  extinction  of  all  the  absorbable  components 
of  Dm  incident  sunlight.  The  finer  the  powder,  the  whiter  it  is  ; 
the  coarser  it  is,  the  more  marked  is  its  colour.  If  the  upper 
surface  of  a  sheet  of  green  gloss  be  grouud,  it  will  appear  almost 
white;  if  the  ground  surface  be  looked  at  through  the  glass,  it 
will  appear  green,  for  the  light  issuing  from  the  glass  is  white 
light,  which  has  undergone  a  certain  amount  of  absorption. 

If  the  green  powder  be  immersed  in  water  or  oil,  tin- re  is  leas  reflexion 
at  the  several  facets  ;  there  is  flaopg  penetration  of  the  light  into  the  mass, 
and  o..n-<«  «nicntlv  more  absorption  ;  tin*  odour  appears  to  deepen.  Hence 
the  value  .>f  ..il  a*  a  medium  in  j -aiming. 

A  solution  of  chloride  of  copper  placed  in  a  deep  black- 
walled  vessel  will  not  appear  to  have  any  colour;  it  will  seem 
black ;  it  reflects  no  light  except  from  its  surface.     If  powdered 
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chalk  be  mixed  with  it,  light  ta  now  reflected  from  the  white 
tee  of  chalk,  end  panes  oat  in  every  direction,  through 

every  part   of   the  surface;   so  much  of   the  ■!   Ught   ifl 

absorbed  that  it  appears  green  when  it  reaches  the  eye, — the 

milky  inn  trs  green.      En  a  similar  wi  DO  of  malachite 

is  penetrated  by  light  to  a  ?exy  small  depth ;  interna]  reflexion 

occurs;  absorption  of  all  the  OUtpasaing  Light  takes  place,  with 
the  exception  u   kinds,   which  jointly  appear  green j  the 

malachite  is  green,  A  pieoe  of  polished  gold  reflecta  white  light 
at  its  surl'an-  ;  it  also  reflects  interiorly,  and  from  within  the 
enhetfl  the  g  Id  at  a  very  small  depth  there  is  reflected  in 

all    directions    a   quantity  of   light   which,  by  absorption  before 

leaying  the  si  come  of  en  orange  colour. 

If  the  layer  •-!'  gold  be  very  thin,  that  part  of  the  Kght 
which  Would  be  absorbed  by  a  thicker  layer  may,  in  part,  pass 
through  and  issue  into  transparent  media  before  its  energy  is 
wholly  converted  into  heat  A  thin  piece  of  gold  leaf  thus 
appears  transparent  and    allows   a   greenish-blue  kind  of  light   to 

pass  througfi  it,  which,  if  the  leaf  be  rend. -red  wiv  thin  by  the 
action  upon  it  of  a  solution  of  cyanide  of  potassium,  may  become 
violet,  for  both  green  and  violet  light  then  find  their  way  through 

Tin-  otijort fll—  of  an  M  d  telescope  may  00  COTtnd  with  ■  thin 

layer  of  attvi    .   which  iril]  n-lk-ct  the  heut  Bad  WWU    of  the    light)  llkm 
pleasant  graaaiah  light  to  (wis*. 

When  i  bean  of  li^ht  niton  the  eye  after  uxutagoing  repeated  reflexion 

i  .ii,.;.v  ooloor;  thii  h  the  traa  "-lour  of 
gold.     Ab  we  or  m  gold,  the  orange  light  poming  from  it-  i 

(•articles  if  mixed  uith  much  whin-  li^lat  in-.  iflected   from   its  sur- 

face. The  true  ooloos  of  ooppez  ifl  tcarlet]  "f  aolver  ;i  yaUowieh-hroaie 
eoloar,  of  buun  ^  rieh  ^'Urn-nd.    1'y  reason  of  meh  repeal  sd  o  Rexioo, :i 

deep  metal-vase,  equally  polished   within  and  without-,  nppeare  to  be 
much  richer  colour  mU-rnally  than  it  is  exU-'mulh  r  of  a 

ridhfil  BOlotU  tlum  silks,  f.,r  liyht  undergoes  wipaatrd  reflexiona  between  the 
tf&ttaU  fibraa  which  ecu  ki  outer  aspect  of  the  Banner, 

Wh  li 1 1 1  •_-  opportunity  for  reflexion  from  thi 

n  body,  as  where  tight  fulls  exceedingly  obliquely  upon  a  gold  minor  from 
ii  white  object  and  is  aafieatad  into  :  ha  Image  of  the  whi 

the  poltahed  gold-minor  appean  doI  gold*coloored]  bat  nhil 

me  in. -i.ii.s  em  i  ,  (   i  .ut,  not  by  being  reduced  to  thin 

films,  hut  by  being  i.  the  Liquid  state  mi  and  sodium  can  l>e 

dissolved  in  anhydiotu  Uquid-anunooia ;  the  solution  is  blue,  and  the  true 
colour  <i  ft  Ifl  therefta  peroattoai; 

If  the  incident  light  In-  already  coh.uivd,  it  may  Ik?  that  the 
vholfl  of  it  is  absorbed.  An  object,  blue  or  red  in  daylight,  if 
illuminated  by  I  sodium-Hame,  may  fcbBOfh  all  the  tight  that  falls 
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opos  it;  if  it  do  BO,  it  Bppotn  Mack;  B  buneli  oJ  flowers,  looked 
at  in  such  a  Light)  where  it  is  not  yellow.  appears  Mark;  it  must 
either  reflect  some  or  none  of  the  light  which  falls  upon  it. 
A  piece  of  red  cloth  illuminated  by  the  red  regions  of  the 
speetrum  gtafWl  with  a  bright  red;  when  moved  into  other 
reirioiiH   it  becomes  black,   for  it  absorbs  the   incident   light. 

The  blue  colour  of  opalescent  bodies,  which  in  general  praaant  a 
multitude  of  refleetmg  perticla  embedded  in  a  uniform  matrix,  end  of  which 
m  may  lake  m  a  type  flit  sky-blue  1  i « j 1 1 i«l  obtained  by  adding  to  ratal 

very   small    j-  of  milk,   is  not    piimanly    dot   l"  gbtOiptfaHL       The 

princii.lt-  hhshi-d  one,  that  whore   thai   h   nio.-t   refraction   of  light 

DB  is  the  greatest  proportion  of  reflected  light     A  beam  of  mixed  Ught 

fall*  upon  ii  colour)  v  :  all  the  rays  arc  both  refracted  and 

blot  and  Violet  an  thfl   more  sharply  refrnetod,  and  ,1  greefa 

projwution  of  tii.'in  ii  reflected  tans  <>f  the.  Iea~refmngibla  rays.  Evan  after 
one  inflexion  the  Imngl  of  an  object  in  a  mirror  ia  Una  than  the  object 
itself.      After  mill!  OH    light  •iistinctly  blue.      Multi- 

1  »1 1 « ■  1 1  >  of  reflexion  .  Hues*  of  the  in*  rticles..     The 

light  uiu.-ii  Ii  not  reflected  li  wholly,  or  In  vbed  ;  the  ran,  looked 

at  through  a  thin  layer  of  dilute  milk,  ftpjttBn  yellow  ;  through  a  thicker 
layer,  orange  or  red  ;  through  a  Btill  thicker  layer,  it  cannot  be  Been. 
simii.ir  phenomena  are  presented  by  water  into  which  a  little  very  dilute 
alcoholic-solution  of  ream  or  mastU  baa  been  dropped  with  itirring,  by  salt 

water  into  whii  h  a  few  drop  fy  dilute  solution   of  nit  i , 1 1 •  -  of  silver 

have   bean   stirred,    by   u   thin    1m  :    all   these   appeal   bloc 

reflected,  yellow  or  red  by  transmitted,  li'uht.  Even  the  Sky  itself  is  a  haze 
of  this  kind,  the  air  being  rendered  visible  agaiaal  the  dark  background  of 
black  spate  by  sunlight  reflected  from  its  Hue  suspended  dust  or  vat 
particle-  ;  while  tbe  light  transmitted  M  always  more  Of  lttC  ydlowndi,  and, 
in  the  afternoon  and  evening  when  rantight  coma  to  us  through  a  greater 
thickness  of  the  more  dl  Is  orange  or  even  red.     S 

it-bacc  is  mom  opaque  than  adiuthenuauous. 

When  the  particles  of  a  haw-  increase  in  size   tiny  jointly  offer  a  gfl 
resi-i              ;  be  entry  of  light  into  the  fog  :  light  is  reflected  more  promptly, 
and  the  reflected  light  presents  a  large  proportion  of  i 
phenomenon  is  familiar  to  the  atnoker  ;  the  thick  clouds  of  smoke  produced 
by  vtgorone  smoking  are             Ij  differ*  at  from  the  thin  fine  blue  columns 
which  aaoend  Gran  a  cigar  l  ir  a  i n^nL 

The  colours  of  metals  may  be  partly  leeonnted  fas  in  I  similar  w,iv. 

!  ami  /in''  have  u  normal  refraction  :  the  violet  U  moat  refrangible  ;  they 
apjK»ar  blue.     Bell-metal,  brass,  Au,  Cu,  Ag,  have  abnormal  dispersion;  the 

and  is  most  refrangible  and  moat  reflected  ;  they  appear  red  or  mldidi. 
Speculum -metal  refracts  red  more  than  green,  but  also  violet  more  than 
green;  on  the  whole  it  i-  reddish  (Jam 

Those  rays  which  are  absorbed  in  the  greatest   proportion 
by  any  substance  are  reflected  by  it  in  the  least;    when 
beam  of  sunshine    falls    on    a    green  leaf,  the  actinic  rays  are 
absorbed  and  spent  in  doing  chemical  work;   the  light  reflected 
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from  such  a  leaf  is  feeble  in  aetinic  rays,  ami   foliage  is  conse- 
quently not  easy  to  photograph.      Eight  which    is  absorbed  is 
generally  oonVQTted   into   Heat;  this  may   presently  be   radiated 
away;    slu-iur,    quicker    light- waves    strike    the    l>o<lv;    ll 
slower  waves  of  dark  heat  Leave  it 


Fi.r  :     PHOSPDOl  and  <  alorescenvk. 

Fluorescence  and  Phosphorescence. — The  molecular  die- 
borbanoeg  of  the  interim  particles  of  a  body  impinged  upon  by 
lijjit  may,  however,  give  rise  to  other  waves  which  are  not  so 
slow  as  to  be  invisible;  the  eth»i-\vuves  absork  Ifl  give 

0  Light  In  this  case  the  body  may  not  only  reflect  light, 
but  it  may  also  seem  to  emit  light  from  within ;  it  is  fluor- 
escent. The  particles  down  to  a  very  small  depth,  being  set  in 
agitation  originate  a  new  set  of  ether-waves,  which  arc  propagated 
from  each  particle  in  every  direction. 

The  jilt'in-iiifiia  of  Fluorescence  may  be  shown  by  a  N.lutinn  nf  uminlfll. 
which  may  \*i  very  simply  |ie|»arcd  by  stirring  some  hone-chestnut  tv, 
water  ;  a  beam  of  light  is  caused  to  paw  through  this  solution,  and  then  for 
HON  distance  within  the  solution  the  liijuid  seems  self-luminous  and  shines 
in  ■  ink  Boon  with  au  opalem-nt  shimmer  along  the  track  of  thi  boon  of 
light.      This  effect  is  partly  dill  t"  the  impact  of  tin-  light  rays,  but  is  prin- 
cipally dm  to  tin-  rapid  invisible  ultra-violet  waves.     If  a  piece  of  paper  he 
wetted  with  a  solution  of  mriltill.  and  if  this  paper  1*  then  used  as  a  screen 
on  which  tin-  image  of  a  slit  is  thrown  through  a  quartz  prism,  the  ultra- 
part  of  the  spectrum  is  rendered   visible  ;  a  compound  blue  light 
tfal  i    |.  r  ■•v.t  an  area  six  or  eight  time.**  as  li.ii^  as  the  ..nliimi  v 
visible  coloured  spectrum  ;  the  light  refracted  byi  prima  nmv,  with  the  same 
lall  on  the  walls  of  a  glass  vessel  fluorescent  solution. 

Quinine.  chloride  or  disulpliate,  on  |>aper  or  in  solution,  gives  a  blue  light — 
lue  which  i*  wan  about  :>  of  a  solution  of 

•juiniiM'    in  n  phial  ;  j*  tiuhnm   or  shale,  oil   a  green  ;  turmeric  solution  in 
alcohol,  or  much  better  in  castor  oil,  a  green  ;  uranium  compounds,  esp< 
uranium  glass,  a  green  light  ;  chlorophyll  in  .-.ilution,  or  hing  undissolved 
in    Ihl    cells   of  leaver,  a  red  ;  an  nlcoholic  solution  of  soot  or  on 
*tramo nium,  a  gtwninh  blue     Among  flu  ; 1 stances  we  find  al>' 

OOnpOUldB  as    •  sin),   AtlOHaoeiS    in  s.r.  in-phthah-in;, 

anthracene,  fluor-spar  (especially  bUoi  IphOBa,  which.  w  Inn  heated  by  conduc- 
tion or   hy  radiant  ln-at,  ibJnM  ViU  an  emerald  ^i  at  n  light),  many  .-i;l|iliide.a, 

allj  those  of  barium  ami  mil,  to  a  slight  degree,  I 

and  the  crystalline  lens,  and  the  rods  and  cones  of  the  retina. 

Very  frequently  a  body  goes  on  vibrating  for  some  time  after 
ether-waves  have  ceased  to  strike  it ;  this  is  familiar  when  the 
waves  given  out  by  it  are  Heat-waves.  Sometimes,  however,  the 
lx.ily  tints  vibrating  pnxlue.es  Light*  ami  such  a  body — ltalmuin's 
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luminous  paint,  for  example — which  goes  on  visibly  shining  or 
fluorescing  for  some  time  alter  ether-waves  have  ceased  to  im- 
pinge upon  it,  is  said  to  be  phosphorescent. 

Among  gucli  bodies  we  find  barium  and  calcium  sulphides,  iluuimnd*, 
chlorophane,  dry  pnpe^  <ilk,  sugar,  teeth,  the  alkalies  and  alkaline  earths 
and  their  salts  in  general,  and  compounds  of  uranium. 

These  substances  may  be  placed  in  a  Geissler  tube  in  a  dark  room  ;  an 
electric  current  passes  ;  the  sulids  in  ttaOMSCfl  in  the  tight  pnxhi 

b\  the  discharge,  but  the  observer'  kept  shut  ;  the  eiim-nt  is  stopped. 

and  the  eyee  are  at  onot  opened  to  look  at  tin  tube*  ;  the  solids  are  seen 
Bbinfng  in  the  dark  room. 

!'"i  substances  tlie  duration  of  whose  phosphorescence  is  very  small 
Bt't<|iU'ielV  rhosphorosi:"!  g  hi.;,  U- emph.'\i-d.  In  rapid  succession  a  phos- 
phorescent body  h  Bxpoted  to  blight  light  md  brought  against  a  dark  back- 
ground 1m-C.iv  tin-  ey<-  nf  mi  OOMITei  Mtuated  in  darkness.  Must  object*  are 
bund  by  this  meant  to  be  to  Rome  extent  po  ''lit. 

The  compound  nature  of  the  light  produced  by  iluorescence  or  by  phoe- 
phorescence  can  be  ascertained  by  BWaBI  of  a  -lit  and  a  prbiu. 

It    i«    I    vi-iv   -insular    fact    that  tin:    red   N  Ipeetntm  and   the 

invisible  h-  it-rays  have  the  e  fleet  of  accelerating  tlio  exhaustion  of  t   phi 

phon-Hi ting  body.     U  b  body,  {moephareeainfi  sfta  exposure  to  white  light, 

or  1"  id.!    and    ultra-violet    ray-,  have  a  spectrum    instant 

thrown  upon  it,  the  body  thereafter  phosphoresces  more  brightly  in  the  . 

oooupled  by  the  alfeta-red  paftof  the  spectrum  ;  if  the  exposure  to  the  tnl 
image  be  relatively  prnlongidi  the  phosphorescence  becomes  exhausted  in 

those  regions  on  which  heat-rays  had  fallen,  and  now  the  Fraunhofer  dark 
lines  in  the  invisible  part  of  the  spectrum  are  rendered  manin  -t  bj  the 
survival  of  local  phosphorescences  in  those  parts  of  the  screen  which  have 
not  Ken  the  impact  of  heat-waves  (Becijuerel). 

A  similar  action  of  these  rays  has  been  long  known  :  they  often  reverse 
the  chemical  action  of  the  actinic  rays. 


. 


As  a  rule  a  fluorescent  or  phosphorescent  body  emits  for 
longer  or  shorter  time,  on  exposure  to  light,  or,  specially,  ou 
exposure  to  actinic  rays,  the  same  kind  of  light  which,  when 
li-hL  falls  upon  it,  it  alworbs ;  and  tints,  in  some  insiainvs,  the 
light  emitted  by  fluorescent  and  phosphorescent  bodies  preseuts 
bright  bauds  where  the  absorption -spectrum  of  the  same  sub- 
stance presents  dark  bands;  bat  the  whole  ■eriea  of  phenomena 
of  fmoroacence  is  one  full  of  anomalies  ;  we  do  not  fully  know  tin- 
laws  of  the  molecular  groupings  of  different  substances,  simple 
and  compound,  their  necessary  modes  of  vibration,  or  their  rela- 
tions to  the  ether. 

A  mixed  beam  of  sunlight  which  has  passed  through  a  fluor- 
escent solution  cannot  affect  another  solution  of  the  same  kind 
fluorescent  solutions   rapidly  absorb  those   rays   which  are 
effective  cause  of  their  luminosity. 
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We  sometimes  find  tran  on  of  slower  waves  into  more 

rapid  ones.  When  a  solution  of  naphthaline-red  has  been  shone 
upon  by  a  beam  of  deep-rod  light,  it  emits  by  fluorescence  an 
orange-yellow  light  Chlorophyll  presents  an  BBalogOUfl  pheno- 
menon ;  it  fluoresces  with  a  red  light,  even  though  it  be  shone 
upon  by  a  slower  led-  light  In  the  case  of  ehlorophaue,  the 
impact  of  slow  radiant-heat-waves  is  competent  to  set  up  an 
emerald-green  light 

Calorescence. — When  a  beam  of  light  is  filtered  through  a 
solution  of  iodine  in  bisulphide  of  carbon,  so  that  dark  heal 
can  aloue  pass  through,  these  heat  -rays  may  be  brought  to  a  focus 
by  a  lens,  and  absorbed  by  a  piece  of  platinum  placed  at  the 
focus;  this  will  become  luminous  and  give  [fee  to  other-waves 
"f*  all  kinds;   if  its  light  be  examined  by  a  prism  it  will  be  found 

0  a  continuous  spectrum.      This   phenomenon   is  call 
I "vndall  the  calorescence  of  heat-rays. 


BotTBCBB  ok  Ktiier-Waves. 

Vibrations  of  Molecules. — Light)  Heat,  and  Chemical  Radia- 
tion being  primarily  due  to  the  vibration  of  particles  of  ordinary 
Matter  in  the  midst  of  Ether,  the  energy  of  ether- waves  is 
derived  from  the  kinetic  energy  of  vibrating  pa 
ever  increases  the  Kinetic  Kuergy  of  these  vibrating  particles 
iii'  teases  their  vibratory  movement,  and   given  rise   to  increased 

ition.  When  by  any  action  I  given  amount  of  energy  is 
liberated  in  or  communicated  to  a  system  of  material  particle*, 
the  rapidity  of  their  resultant  vibration,  and  therefore  that  of  the 
eth  set  np  by  tin  a,  depends  on  the  rapidity  with  which 

that  action  occurs.  When  energy  h  .-lowlv  imparted  to  or 
lil»erated  among  them,  the  vibrations  of  the  particles  may  remain 
relatively  slow,  and  radiant  heat  may  alone  be  the  result  ;  while 
if  the  particles  be  suddenly  set  in  violent  commotion,  their  vibra- 
tion will  Ik;  complex  and  irregular,  the  particles  will  become 
incaudescent,  and  they  will  at  once  originate  not  only  heat,  hut- 
also  light  or  even  actinic  WttVi 

When  1  Hash   of  Ughtttfng  or  an  electric  spark  ru-he*  through  the 
jars  the  •  1  air,  and  renders  the  air  incandescent  ari'l  hunlaooi  :  and 

it  ••>  ink  can  be  photojirnphed  as 

wi'll  as  seen.    When  Uu  deotcfa  daehargi  throogfa  ■'  ttmtijaom  or 

rapldrj    inf.!  mill. -lit,  it«  light  is,  to    the   eye,  apparently  BOntiTHWn^  and  vte 

Bleetrii  Ujght    Whanaffinl  Ian  struck bogttha 

cussion  agitates  tie-  molendoi  of  those  particles  of  steel  virion  Ift  kicked 
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ofl^  and  a  luminous  spark  ib  produced  ;  so  also  when  a  bullet  strikes  a  target 
there  i*  I  'hush  of  light*  Within  a  gno-flflBM  molecules  of  a  hydrocarbon  are 
robbed  of  part  <■!'  th ill  hydrogen  by  I  process  of  destructive  distillation  ;  the 
residues  are  heavy,  fthnotl  puti-h  -corbon&CB  I     .  Bud  thow,  in  ffatUB 

of  the  energy  supplied  by  the  COfftbuatfeo  of  the  hydrogen,  be©  ij»ly 

agitated  and  incandescent,  oscillating  within  tin-  gM  Maine,  ami  therein  acting 
as  Hourccs  of  Ugfrt  until  the  0  IBM  IfeCtt  i"t<>  the  /.one  of  pfltfect  eoui- 

I'li-i ion   in   tin-  oafal  region    of  the  fl.itne  ;  there  they  become  oomph- 1 
raddioed  into  Bjtteonl  eaxbonda  iold,  and  thereupon  lose  in  great  part  t: 
radiative   power.     The  hrijditneia  of  a  gw-flame  if   favoured  by  external 
pressure,  or  by  a  relatively  small    internal   pressure  and  vehnnty  of  OOtfloWj 
by  the  long  continuance  of  carbon  particle---  olid  parti<  h  in 

a  candle-flame  cast  a  shadow  in  sunlight)  within  the  flame  in  which  they  are 
incandescent,  and  by  heating  the  gas  before  it  eaten  the  flame. 

Wlien  a  crystal  is  cleft  it  often  emits  a  flash  of  tight;  work 
is  done  in  splitting  the  crystal :  the  energy  of  part  of  this  work 
appears  as  that  of  ether- waves. 

When  salts  suddenly  crystallise  out  of  a  liquid  menstruum 
it  not  uufrequently  happens  that  the  formation  of  crystals  is 
attended  with  a  Hash  of  light;  the  salt  leaves  tin;  water  ami 
coheres  with  particles  of  its  own  substance ;  the  agitation  attend- 
ing this  process  causes  ether-waves  to  be  set  up. 

Even  the  application  of  moderate  heat,  falling  far  short  of 
such  a  temperature  as  might  produce  incandescence,  may  cause  a 
body  to  become  luminous,  as  in  the  case  of  the  fluorescence  of 
fluor-spar  (chlorophane)  and  the  diamond,  which  shine  when  heat 
is  imparted  to  them  by  conduction. 

We  have  already  seen  that  light  may  result  from  the  impact 
of  ether-waves  upon  a  body. 

Chemical  union  is  often  attended  with  both  heat  and  light : 
as  when  we  drop  copper  filings  or  powdered  antimony  into  chlo- 
rine gas,  or  in  the  ordinary  phenomena  of  combustion.  Even 
slow  combustion,  BQfih  00  that  of  eTemacausis  ot  decay  may 
cause  light,  as  in  the  luminosity  of  decaying  wood;  or  the  green 
luminosity  visible  on  the  surface  of  some  fish  when  in  a  state 
incipient  decay  ;  or  the  slow  oxidation  of  a  piece  of  phosphorus 
in  the  air  at  ordinary  temperatures,  or  of  sulphur  or  the  metal 
arsenic  at  higher  temperatures.    Even  during  the  life  of  i  ins 

they  may  become  luminous  either  abnormally,  as  when  the  skin 
of  the  human  body  evolves  phosphuretted  hydrogen  ;  or  normally, 
as  in  the  glow-worm,  in  the  '.  in  medi  Bad  in  many 

other  invertebrate  animals :  light  being  in  these  cases  produced 
at  the  expense  of  the  animal  heat  which  might  otherwise  have 
been  evolved. 
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Vibrations  communicated  to  the  Ether. — In  all  these  cases 
the  origin  of  the  light  plainly  is  in  the  agitation  of  ordiuan 
matter,  but  there  is  a  certain  defi<  i>  n<  v  -if  knowledge  in  IBBftOOt 
of  the  next  step  in  the  transference  of  energy.  How  is  any 
ether- wave  set  up  in  the  Ether  by  the  motion  of  any  particle  of 
«M«linary  matter  within  it  *  A  lull  aJVWBE  feQ  this  i|iiestion  would 
involve  a  full  knowledge  of  the  constitution  Of  the  Ether,  and  of 
the  relation  of  the  Bthei  to  the  particles  of  or  S  whii  h 

are  embedded  in  it — a  question  still  under  discussion. 

Some  hold  that  the  Ether  is  entirely  independent  of  ordinary 
mai  m  •  unnth'cted   in   density  by  its  preseii.ee  ;   • -there  hold 

that  it  is  of  various  densities  in  various  substances,  these  densities 
being  in  different  transparent  substances  inversely  UVOpurtioaal  to 
the  squares  of  the  relodtiee  of  light  within  them.     Sons  bold 

that  it  is  so  independent  of  ordinary  matter  that  a  moving  solid 

bodj  moves  freely  through  etha  like  an  ideal  nel  through  adaalip- 

frictionless  water;  in  which  case  it  would  be  difficult  to  under- 
stand how  a  vibrating  molecule  could  .set  up  vibrations  in  it.  If 
this  were  so,  the  most  rapidly-moving  solid  transparent  object 
would  allow  the  transmission  of  light  through  the  ether  which 
permeates  it,  aa  if  it  were  itself  at  rest.  The  contrary  view  seems 
probable;  a  ray  of  light  is  said  to  be  retarded  a  little  by  h 
made  to  pass  up  a  running  stream  of  water;  the  effect,  quite  per- 
ceptible in  t!i".  oaae  <>F  water  eu  at  the  oompaci 
slow  rate  of  two  metres  per  second,  is,  however,  imperceptible  in 
a  current  of  air. 

A  beam  of  light  wan  found  by  Fizeau  to  l»o  retarded  when  innde  to  pan 
through  a  roi.  Hilda  of  plass  in  such  a  direction  that  the  rotation  of 

lie-  glass  tended  to  carry  back  the  Ught  while  in  the  a- 1  of  jiatwiiig  through 
it 

The  consequence  of  such  an  adhesion  between  the  ether  and  the  U 
embedded  in  it  i?,  tlwit  the  earth  must  to  MBM  \%  the  ether  with  it 

ai  it  rolls  through  space;  yet  Aberration  (p.  473)  tell*  somewhat  against 

The  whole  subject  is  as  yet  one  of  the  most  recondite  in  Phytic* 


Pioa  09  Wavks  thbotjqb  thk  Bra 

it  is  usual  in  dfanosatog  the  propagation  of  ether- 
waves  to  assume  the  wave  to  have  been  effectually  set  up;  the 
notion   is   studied  as  it   (HvergBfl    from    .i    small  wave-front 
formed  in  the  immediate  neighbourhood   of  llie   tibia  ting   mole- 
cule;   and   in   discussing   the   transmission    of   at  her  -waves    of 
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rent  wave-lengths  through  different  transparent  bodies,  we 

shall  have  to  take  for  granted  that  the   interaction   of  the   Ether 

and  the  ordinary  Matter — an  action  which  cannot  l>e  very  great, 

tor,  if  it  n  insparenee  would   be   impossible — is  such  as,  in 

•nt    media,   unequally    to    retard    ether- waves    of    different 

wave-lengths.  This  retarding  effect  depends  Bomehon  upon  the 
nature  of  the  transparent  body;  and  this  holds  good  not  only 
with  regard  to  Bg)bt  in  general — as  where  a  diamond  is  found  to 
Miit  light  mui:h  mora  slowly  than  water  does — but  also  with 
nee  to  each  particular  kind  of  light.  Each  transparent 
substance  has  its  own  rate  of  transmission  for  ether-wav.-s 
of  each   |  t  frequency;  and   this  is  found  for  each  case 

only  by  experiment.      A    denser  SllbstanOQ  may  sometimes    Q 
mit  ether-waves  more  rapidly  than  a  rarer  one  does:   light  passes 
more  rapidly  through  water,  for  example,  th;m  through  alcohol  or 
oil  of  turpentine.      A  substance  through  which  tight  travels  more 
slowly  is  said,  however,  to  Ik-  OB-tie  ill)'  denser. 

On  the  assumption  tlmt  tin-  density  of  1 1  > » •  ether  ii  different  in  different 
sub&taiR'-s  it  WOUld  fi.ll.iw  that  all  wave-lengths  must  W  diminish* 
increased  in  equal  proportions,  that  all  kinds  of  waves  must  be  equally 
retarded  or  accelerated,  and  all  kinds  of  li^hr,  h.-at,  or  chemical  rays  there- 
fore  equally  refracted,  on  passing  from  one  medium  into  another — u  eoncln- 
sion  contradicted  by  tin-  simplest  ucperunont  with  a  prism,  Conchy, on  tin/ 
arbitrary  assumption  that  the  ether  consisted   of  separata  porticlea   <»f  an 

i-\tt»-uulv  minute  as  compared  with  the  average  distance  be 
tlu-ni,  found  tlmt  the  Jin n miit  of retardation  '•••i-  effected  by  the  frequency  of 
undulation,  and  thai  thus  prismatifl diipawiffii  plicabla;  an  a-wi mic- 

tion which  move  modern  vrSten — unwilling  to  admit  that  ether,  which  i* 
of  having  VOVOI  of  oompiesston  and  rarefaction  set 
up  in  it,  and  vboee  parte  yal  ptessus  of  tend  to  mean  posi- 

tions, can  be  a  Sold  d   of  separate  BSOlsonlefl — have  con  vertex!   by 

interpretation  into  the  following,',  namely,  that  there  is  some  kind  of  d 

tinuity  in  the  relations  between  the  ether  and   the  ordinary  matter  which  it 

penuaatai  \  ■  discontinuity  crhieh  i-  held  to  show  thai  while  ether  may  be 
considered  to  be  a  homogeneous  jelly-like  solid,  which  cm  yield  t<>  powerful 
stresses  after  the  manner  of  a  fluid,  the   matter,  apparently  homogeneous, 
b  is  embedded  in  it,  is  not  truly  homogeneous  tlirnii^hout. 

Th<  .-»,  varies  with  the  wav.-Lngth,  A,  being 

with  it  by  the  law  a  =  A  +  (B/A2),  where  A  and  B  are  constants  to  be  deter- 
mined by  experiment. 

The  Ether  rSBBHnhli  •  ■  very  weak  soluthtti  of  gelatins  :  to  relatively-great 
momenta  it  acts  as  a   lluid,  ami    it  closes  up   behind    moving    portioles  ;  to 

•mall  otnsses  it  acti  as  i  solid,  and  it  suites  tangential  .-train  undi 
influence  of  a  tangential  stress. 

Ether-vibration  transverse. — Whan  any  part  of  the  ethet 
b  displaoed  by  ■  ribmting  molecule,  the  displaced  portion  always 
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tends  to  return  to  its  normal  position  :  in  doing  so  it  sets  up 
I.     These  are  waves  of  transverse  vibration  like  those  of  an 
elastic  string  or  roil  plucked  laterally. 

According  to  emu-   tin-  rtln-i    i-  absolutely  incoinpromiblB^   nd  it  h 
impossible  to  farm  waves  ol  oonpreorfon  In  it ;  according  to  othan  em 
compression  are  :u  Bit  but  vary  rapidly  die  sot,     The  latter  view 

assimilates  die  motion  of  the  ether  to  tint  of  mi  ordinary  elastic-solid  in 
which  both  longitudinal  and  tftngi  ntial  flispltWWIiSnto  occur  and  wave*  l«>tli 
tFSOBTOTOS  aii'l   •i>inpr«--ional  are  produced. 

According  to  Clerk   Maxwell's.  Hom  tin-  ether  is  a  homogeneous  body,  a 
non-conductor  of  electricity  :  periodic  el.  MM  Applied  to  thil  produce 

waves  which  tiavid  at  the  rote  of  about  300,000000  metres  per  second  ; 
these  waves  are  waves  of  tMnevene  vibration,  tnd  Smb  -  M  I  Ehcstion 
longitudinal  or  normal  to  the  wave- front.     These  waves,  dnc  k  dis- 

n'-nt,  are  quite  competent  to  explain  the  ordimtry  ph. .■n..im -iki  ol  light, 
and  this  theory  explain*  <>n  mathematical  grounds  that  absence  of  the  normal 
or  OOmpraadonal    vibration   which  is  a  source  of  great  perplexity  in  all   the 

mechanical  theo)  \h£.    According  to  this  view,  en.-h  psittftle  ■  t  i  bo^rj 

through  which  light  is  shining  Ifl  in  rapid  RM6SSrfan  SXpOCed    to  elti -i uately- 

.-  electric  stresses:  at  each  half-vibration  it  becomes  oppositely  elec- 

1 1 Hi. id  ;   but  the  f 'i-i i i ii;if\  afloati  of  electricity  m  not  generally  observed 

when  light  shims  through  or  on  a  body,  for  the  electrification  produced  by 

any  one  half- vibration  -imply  reveree*  the  effect  of  that  produe.-d  by  tin- 
previous  half-vibra'  j 

The  Velocity  of  propagation  of  ether-waves  through   the 
Ether  of  space  is  fotmd  by  two  Seta 

1.  Jupiter's  Satellites. — These  puss  out  of  sight  behind  the  mass  of 
Jupiter  and  again  reappear:  when  the  earth  is  nearest  to  fruiter  the  eclipses 

and  IBSpp SCttncCB  appeal  to  take  place  8j    minutes  earlier,  when    the  earth 

bee  wheeled  roui  its  aids  of  Ian  orbit  and  is  at  i 

Jupiter  B|  minutes  later,  then  they  would  have  appealed  If  the  earth  bad 

been  at  tin*  OBUtie  of  its  orbit.     The.  sudden!  or  ceasing  light 

takes  16J  minutes  to  cross  the  earth's  orbit,  t  distance  of  299,270,0 

:   it  therefore  travels  302,300,000  metres  per  second.      A.  ■  .rding  to 
the  latest  determination-',  tin  '1,336,000  cm.  per  - 

2.  Aberration. — No  star  is  seen  in  its  true  place  :  every  star  loan 
describe  a  little  ellipse  in  the  heavens,  and  seems  to  travel  round  the  ellipse 
once  a  year.  The  reason  is,  that  as  the  earth  wheels  onward  in  it 
liearing  the  observing  telescope  with  it.  Bays  of  light  i  iom  distant 
stars  on  their  way  down  the  telescope  tend,  ri  h  the  telescope  tube 
be,  to  verge  towards  the  hinder  side  of  that  rube  :  for  which  100009]  in  order 
to  see  the  star  in  the  centre  of  the  Bold,  "                                      tilted  a] 

ably  backwards   in  a  direction  opposed  to  that  of  the  earth's,  orbital  DM 
the    teleaeOpOi  when    the  star  is  seen    in    the   e<-nt  i   therefore 

directed  not  towards  tb«-  true  pu-dtiou  of  the  star,  but  towanls  a  point  in 
advance  of  it.  In  the  course  of  a  year,  therefore,  as  the  earth  bowta  round 
it*  elliptical  orbit,  the  successive  najb  . -ccssary  to  din.it  the 

ircumference  of  an  ellipse. 
The  size  of  this  ellip-  N  the  amount  of  tilting  of  the  telescope  :  from 
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thiH  can  be  inferred  the  proportion  between  the  length  of  the  telescope  und  the 
distance  i  ilar  during  Lin-  time  spent  by  the  ether-waves  in 

pining  <l<»wn  tin-  t-  ttsoojN  lobe  ;  the  speed  of  the  waves  of  light  am  be  cal- 
culated from  these  data,  and  is  found  to  be  299,300,000  metres  per  second. 

Do  waves  of  different  frequencies  travel  at  the  same  or  at 
different  rates  ?  If  their  rates  were  different,  then  a  suddenly- 
appearing  satellite  of  Jupiter,  or  a  suddenly-brightening  variable 
star,  would  be  first  rendered  visible  by  that  tighft  which  first 
arrives  at  and  enters  the  eye,  and  it  might  consequently  appear 
Violet  or  blue  ;  and  when  it  disappears  it  would  continue  for  the 
longest  time  visible  by  that  component  of  light  which  is  slowest 
in  travelling,  and  therefore  might  appear  red  before  vanishing  J 
or  again,  aberration  of  tight  would  necessarily  have  the  effort  of 
giving  us  an  image  of  each  star  drawn  out  into  a  spectrum. 
Nothing  of  the  kind  Ls  observed  ;  all  kinds  of  ether-waves  must 
tlnh  J'ori'  travel  through  tin;  ether  of  space  at  the  same  rate. 

Terrestrial  experiments  for  ascen  of  light  are  based 

upon  one  of  two  priin-iph's. 

1.  Fizeau's  principle. — A  ray  of  light  is  rendered  intermittent  by 
flashing  between  the  teeth  of  a  rotating  cogwheel.  It  travel*  to  a  distant 
mirror  ;  each  fhish  is  then:  reflected  along  its  former  path.  Before  a  flash  can 
again  roach  the  GOgurheel,  the  cogwheel  amy  have  rotated  m  far  that  on- 
to cogs  now  ol)structa  the  returning  my  ;  if  a  sufliciently-iiicrcascd  speed  be 
imparted  to  the  cogwheel,  the  light  is  allowed  again  to  pass  between  the 
ti-.th  of  the  wheel  through  end  notch,  which  hei  now  come  to 
occupy  the  position  at  first  occupied  by  that  notch  through  which  the  1 1 
had  flashed  on  its  onward  journey.  Given,  then,  that  the  light  has  travelled 
to  a  certain  distance  and  back,  and  that  in  the  meantime  ilie  cogwheel  has 
been  rotated  thnniyh  B  certain  angle,  it  is,  in  principle,  MSf  to  rind  the  speed 
of  propagation  ef  the  b  Dt  I'w.-an  ft. und  this  t<»  N  314  million  metres: 
Cornn,  bj  similar  experiments,  obtained  1 1»*-  value  300,400,000  metres, 

2.  Foucault's  principle, — A  Warn  of  light  starts  from  a  source  8; 
it  strikes  a  mirror  M,  and  i»  reflected  to  a  distant  minor  ft,  on  W&icfa  it  is 
(beneesd  by  a  lenn:  it  i<  tin  l  and  n- traces  its  journey  :  it  is  again 
refleit.'l  tr-.m  M  and  return*  to  S.  If,  however,  the  mirror  M  haw,  i:i 
meantime,  ben  rotated  perceptibly  befofO  the  beam  of  li;_'lit  has  had  time 
to  return  from  the  distant  R,  the  light  con  no  longer  l»e  reflected  from  M 
towards  the  original  point  B  ;  it  illuminates  some  other  point  T.  The  dis- 
tance between  S  and  T  can  be  measured  ;  the  amount  of  rotation  of  the 
mirror  M  in  the  time  taken  by  the  liu'ht  09  _r"  hett  M  to  H  and  back  can 
be  inferred  from  this  ;  the  amount  of  rotation  of  tin:  mirror  M  can  be  read 
off  on  a  speed-indicator  attached  to  the  rotating  apparatus  :  the  distance 
traversed  by  light  in  one  second  can  be  ascertained  by  calculation  from  these 
data.  Tkfll  il  BO  nee* I  to  DM  inutuntaneou!*  flashes  of  light  from  8  ;  the 
steady  beam  from  8  reflected  from  the  rotating  mirror  M  only  encounters 
the  mull  Ised  mirror  R  for  an  instant  once  in  the  course  of  each  revolution, 
aud  ia  thus  rendered  practically  instantaneous. 

By  this  means,  with  a  mirror  rotating  lo  F»ucault 
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demonstrated  that    li-ht  take."  a   measurable   n 

B    of    7    or   8    yard*.      I.  tgh    fall  shown    that  these   different 

methods  cannot  be  expected  to  give  the  ■mi  results  for  it  is  not  prJMuefy 
the  now  thing  which  Ki  observed  to  all  these  cases.     In  some  (aberrut  i 
method]  the  ipeed  of  single  waves  is  obsen  ;hers  (Fizeau,  Jupiter's 

■toQiief)  the  speed  of  proygtttoa  <>f  I  certain  jH-culmrity,  intoiinittfiice  ; 
in  others  (F..u.-ault)  these  are  Men. I. .1. 

As  a  mean  result  it  may  be  stated  that  the  velocity  of  ether 
waves  in  ■  vacuum — that  is,  in  the  ether  of  space — is  300,574,000 
metres,  or  30,057,400000  061  it  i  metres  per  second. 

From  tins  it  follows  that  K,  the  rigidity   of  the  ether,  ami  p,  its  density 
in   rofu/i,   are   definite    in   amount,    and   bear  to  one  another  the   relation 
K=px  (30057, 400, 000)2;  for  r=  -v'K  p  eanJttaetafta,      The  DtSD  tA 
in  air  is  less  than  that  M  ran/a  in  the  ratio  of  1  to  1-00O2W-1. 

It  is  generally  believed  that  light  of  all  colours  travels  'with 
equal  velocities  through  air.  though  some  doubt  has  l»een  cast  on 

result  by  the  recent  experiments  «»f  Parbes  and  Young,  who 

find  that  bine  light  travels  more  rapidly  in  air  tlian  red  Light  does, 
in  the  ratio  of  1018  to  1000. 

By    a    ni'»litii  atii-i!  ribed,    the    rtll 

speeds  of  light  in  two  different  transparent  media,  or  in  the  ium 

at  different  temperatures  or  under  dilk-rent  pressu res,  may  be  compared. 
The  light  between  M  and  R  has  to  traverse  a  space  in  which  a  certain  thick- 
ness of  the  indium,  whose  retarding  power  is  to  be  examined,  may  1,.-  l.i.l  in 
the  path  of  the  beam  :  the  b  be  exposed,  by  hiving  to  pass  through 

this  medium,  to  a  retardation,  which  I  rod  mensurable  by 

an  alteration  of  the  position  of  the  tang!  T. 

The  Physical  Intensity  of  light  at  a  place  is  measured  by 
the  energy  transmitted   through    that  place  in  a  second  of  tin 
for  light  of  constant  colour  this  intensity  is  also  proportional  to 

i  ijlitness  as  perceived  by  the  eye. 

Hen.  -  Staff  i  few  i  methodl  of  measuring  the  intensity  of  a  beam  of 
light: — 1.  Calorimetricfll  :    allow  the  beam  to  fall  upon  a  thermopile, 

and  e-fii  |    the  li_;ht  by  tlir  amount   of    In-, it    into   ul.i.  h  it 

is  ecuvurtod  npoa  ehmptiaB]    the  baa  in  thlo  caw  hating  under. 

a  preliminary   rifting   through   alum -water,   which   absorbs   the    hi 

2.  Photometrical  :    two  sources  of  light  are  placed  at  such  distances  from 

an  illuminated  body  that  they  appear  to  produce  the  mine  h  as 

eijual  diadoWlj  or  equal    ill  f   the    two  >ides   of   a   disc  ;    but  this 

PMfhod  >»  only  accurate  when    tin-   :\v<»   lights  to  Ted  are  of  ex. 

same  colour.     The  <<t  BJ -linic  radiari.m  may  be  estimated  by 

observing  the  depth  of  tint  ]  mhte paper  exposed 

far  a  given  time.    The  total  radiation  may 

Aa  a  unit  of  pholometii  tanderd    I 

mrtfe*    i   -  recommended    Mag    i-1--    I '■•    light  emitted  by  i  aq.  en 

linuin  at  it.-  ^olidiri.ution-temperature. 
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Mode  of  Propagation — Polarisation. 

Waves  of  light — undex  which  term  we  shall  for  the  moment 
include  all  forms  of  ether-waves — have  the  peculiarities  of  propa- 
gation chi  068  wavr.-h-ugth  i.s  generalh  small 
in  comparison  with  the  breadth  of  their  wave-front.  They  do  not 
usually  diverge  laterally  from  the  directions  mapped  out  by  the 
normals  io  fcheil  wave. -fronts;  or,  as  it  is  commonly  expressed. 
Light  travels  in  straight  lines;  they  can  only  so  diverge 
when  they  are  made  to  pass  through  apertures  or  round 
not  very  much  greater  in  breadth  than  their  own  wave-lenuth. 

The  light  from  a  single  luminous  point  is  propagated  in 
spherical  waves;  that  from  such  an  extended  object  as  a 
candle-flame  iu  waves  which,  at  some  distance  from  the  source, 
are  approximately  spherical  If  light  from  a  wide  source  be 
to  pas*  through  B  narrow  tube,  or  successively  to  traverse 
equal  apertures  in  two  opaque  screens,  at  such  a  distance  from 
lie  source  that  the  wave  passing  through  the  second  screen  has 
a  plane  front  (see  Fig.  o7),  then  on  the  farther  side  of  the  second 
screen  there  may  be  an  unwidening  or  parallel  beam  of  light. 
Sneh  a  parallel  beam  of  light,  as  it  traverses  space,  may  be 
q  o  in  pared  to  a  buudle  of  vibrating  strings  of  ether,  isolated  in 
the  ether,  Vibrating  independently,  and  practically  unaffected  1-v 
the  ether  situated  laterally  with  reaped  t<>  them.  Each  su<  b 
imaginary  individual  cord  may  enter  into  transverse  vibrations  of 
different  kinds,  analogous  to  the  vibrations  of  strings. 

1.  It  may  transversely  vibrate  simply  up-and-down,  or  h 
side  to  side,  or   in  any  other  single   direction, — its  vibrations  are 
restricted  to  one  plane  ;  the  whole,  beam  is  then  called  a  beam  of 
Plane-Polarised  Light. 

By  a  convention  as  to  which  there  is  some  dispute,  a  plane 
cutting  the  beam  in  its  whole  length,  but  at  right  angles  to  the. 
plane  iu  which  the  ether  vibrates,  is  called  the  Plane  of  Polar- 
isation. The  vibration  of  the  ether  is  thus  effected  at  right 
angles  bo  the  plane  of  polarisation. 

2,  Its    vibration    may  be    resoluble    Into   simultaneous   ti.i 
verse-vibrations  in  two  planes  at  right  angles  to  one  another. 

I  These  m, iy  be  of  equal  period,  and  the  vibration  in  one 
plane  may  be  £  period  behind  or  in  front  of  that  in  the  other  ; 
looked  at  endwise,  any  part  of  the  ether  in  such  a  beam  would 
necessarily  be  seen — if  it  could  be  rendered  visible  like  a 
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point  00  B  vibrating  string — to  execute  small  circular  vibrations. 
Such  a  beam  of  light  is  said  to  be  Circularly  Polarised.  Ixwked  at 
from  one  side  the  vibration  would  apparently  progress  like  a  B 

A  ooounon  oorksarow  i*  i  righfc»handed  spinL    A  ample  experiment 

with  11  ateiaft  "no  end  "f  irhieh  Ei  fixed  hi  i  well,  while  the  ether  i«  held  in 
the  band,  will  dum  that,  in  oidez  t"  fnnieai  npon  die 

string  the  right-han  1    furm,   we  must  rotate 

the  free  end  to  i  direction  opposed  t«.  thai  <-f  the  handi 
of  a  watch.  Sucli  is  \h>-  movement  n  e  kh  tiled 
right-handed  circularly-polarised  beam  of  light 
When  the  rotation  is  in  the  opposite  sense  the  oii-cit- 
larly-polAriaed  ray  in  left-hande  t  Fig.  161  ihowi 
the  diteetioD  of  pvopegetfon  and  of  rotation,  end  tin- 
forms  aeenmid  bj  the  vflnati  n  i  rig] 

and  in  a  left-lianded  (L)  ray  respectively. 


ii 
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(b.)  The  circle  may,  by  a  difference  of  phase 
other    than   J   period,  be    COJ  into    an 

ellipse.  A  beam,  the  ether  in  which  rotates 
in  . -llipses,  is  called  a  beam  of  Elliptically- 
Polarised  light i  this  again  may  be  right  or 
left-handed. 

(c.)  The  periods  Of  vibration  in  the  two 
planes  may  not  be  expial,  but  may  be  commen- 
surable. A  beam  of  light  of  this  kind  would 
present  movements  which,  looked  at  end-on,  would  present, 
for  each  portion  of  the  vibrating  ether,  figures  lika  those  of 
35-40,  etc 

|    I  lie  periods  of  vibration   in  the  two   pi  .   not  be 

commensurable  or  even  constant,  and  further,  the  vibration  in 
each  plane  may  be  variable  in  its  amplitude.  In  such  cases  the 
vibrations  would  rapidly  run  through  a  great  variety  of  figures, 
i,  ellipses,  Bgnres  of  eight,  and  non-reentrant  com] ilex  har- 
monic curves  of  even  kind.  This  is  the  condition  of  a  beam  of 
Common  Light.  No  single  plane  has  any  advantage.  If  for  a 
moment  the  amplitude  in  any  particular  p]  Odderate,  this 

is  but  momentary  :  and  since  the  most  irregular  trans  verse-  vil  na- 
tion can  be  resolved  into  a  vibration  up-and-down,  and  one  side- 
to-side,  or  maybe  resolved  in  any  other  two   planes  nihil, 
chosen  at  right  angles  to  each  other,  a  beam  of  common  light  mav 
be  held  to  be  the  result  of  the  superposition  of  two  simuli,. 
irregular   trnnsveisc- vibrations,   each    |  arised,    each   pos- 

sessed of  half  the  energy  of  the  whole  vibration,  and  both  pro- 
pagated with  the  same  velocity  through  the  ether. 


478 


OF  ETHEK-WAVES. 


h  HAP. 


The  doctrines  of  composition  and  resolution  of  harmonic 
motion  are  applicable  to  each  small  portion  of  the  ether  within 
such  B  transversely -vibrating  beam,  just  as  they  are  to  trans- 
versely-viln;iti!i;4  stria 

A  beam  of  common  light  encountering  an  object  which  i.s 
selectively  transparent  to  valuations  in  one  plane,  hut  opaque  to 
vibrations  In  B  plant'  at  Eight  angles  to  this,  will  have  the  latter 
vibrations  extinguished  ;  it  will  lose  half  its  energy;  the  beam 
to  "which  the  object  li  transparent — the  transmitted  beam — will 
have  half  the  energy  of  the  original  beam;  and  all  its  vibrations 
being  executed  in  OZM  plane,  it  will  be  a  beam  of  riane-polarised 
Light.  A  body  which  acts  in  this  way  on  a  beam  of  common 
light  is  called  a  Polariser. 

A  beam  of  plane-polarised  light  falling  on  a  polariser  will, 
should  the  plans  in  which  its  vibrations  are  executed  happen  to 
eomride  with  the  plane  of  those  vibrations  to  which  the  polariser 
istransparent.be  found  to  pass  through  It  freely :  if  the  plane 
of  vibration  be,  on  the  other  hand,  a  plane  at  right  angles  to  the 
plaue  of  the  freely- transmitted  vibrations,  no  vibration  can  get 
through,  no  light  is  transmitted,  ami  to  light  polarised  in  such  a 
plane  the  selectively-transparent,  polariser  proves  perfectly  opoq 
If  the  condition  be  intermediate — that  is,  ii  the  plane  of  the 
actual  vibrations  and  the  plane  of  free  transmission  through  the 
polariser  be  neither  coincident  nor  at  right  angles  to  one  another — 
then  the  actual  vibrations  of  the  plane  -polarised  light  must  be 
resolved  into  two  sets  of  component  plane-polarised  vibrations  at 
right  angles  to  one  another ;  these,  looked  at  end-on,  carry  out 
the  principle  of  Fig.  42;  and  of  these  components — the  one  in 
the  plane  of  free  transmission,  the  Other  at  light  angles  to  that 
plane — the  former  IS  transmitted, while  the  latter  i.s  extinguished 
by  absorption,  its  energy  becoming  converted  into  heat. 

When  ordinary  light  has  hud  a  oatiafB  pi  I  it*  vibrations  in  a 

given  plane  quenched,  while  in  the  plant-  ,it  right  angles  to  this  they  ore 
not  quenched  at  all,  or  not  quenched  in  equal  proportion, — it  is  in  a  state  of 
partial  nolirliMtton,  and  ii  sailed  Partially  -Polarised  Light. 

A  plane-polarised  beam  of  light  may  not  only  be  resolved 
into  two  at  right  angles  to  one  another  and  coincident  in  phase, 
but  also  (see  Figs.  46  and  47)  into  two  circularly -polarised 
beams,  the  one  bit-handed,  the  other  right -banded,  if  it  be 
supposed   that  a  transpaient    body    <>r   a    region   of  space   is  so 

llmrlv  '  'instituted  or  stressed  that  a  left-handed  circularly- 
PolaiMcd  beam    travels   more    rapidly   through   it   than   a   right- 
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handed  out  can.  then,  on  panning  a  plane-polarised  beam  of  light 
through  such  a  region, the  left-handed  circular  compoi  ^ea 

with  its  phase  less  advanccil  than   tli>  aej  bat  the 

plane-polarised  light  equivalent  t«i  the  synthesis  of  two  such  <  ii - 
cularly-polnrised  beams  can  no  longer  be  due  to  a  vibration  in  I 
original  plane ;  the  plane  lias  been  turned  Mud  a  longitudinal 
axis  in  the  centre  of  the  beam  ;  and  the  farther  a  plane-pnhuised 
beam  travels  through  such  a  body  or  region  of  space,  the  greater, 
in  a  direct  ratio,  will  be  the-  rotation  of  the  plane  of  polarisa- 
tion of  that  beam — a  result  observed  in  many  cases,  and  to  be 
described  under  the  bead  of  the  BO-oailed  Rotatory  Polarisation. 

When  1 1  aii].«. in-lit  i>  natively  accelerated  M  niia- 

eion,  or  retarded  in  it^«  pfcaM  of  BSMcgenoe,  the  plane  El  rotated  to  tlie  left— - 
v*.,  to  an  obwrer  itatfontd  at  the  source  of  light  tin-  plane  of  polariaation  of 
the  ueoedftia,  bam  b  lean  t"  rotate  in  e  airaotion  opposed  to  that  of  the  bonds 

of  a  watch  :  the  nmiv-nipidly  travelling  I •  - 1 1  handed  •-oniponent  is  at  any  j»int 
leiw  advanced  in  jdnwe  than  the   B) OVa-fll 91  lv  travelling  right-handed  com- 
ponent lit  the-  suae  point;  the  eontoaiy-to-elock  rotation  "I  tin-  right 
ray  prevail*  over  the  1<  ickwise  rotation  of  the  left-handed  ray. 


Reflexion  aim  Rdbaoi  i 

When  a  ray  of  light  travelling  iii  a  rarer  medium  |trJ 
surface  of  an  optically  denser   transparent  medium,  some  light  is 
reflected,  some  I  and  if  there  had  bean  neither  absorption 

nor  scattering,  the  energy  of  the  reflected  ray,  together  with  that 
of  the.  refracted  ray,  would  have  been  equal  to  that  ot  the  in- 
cident ray. 

The  incident  ray  and  the  reflected  ray  are  in  one  plane:  this 
is  called  the  plane  of  incidence.  The  plane  of  incidence  is  at 
right  angles  to  the  reflecting  surface  at  the  point  of  incidence 
and  reflea 

The  vibration  of  the  incident  light  may  be  either  at  eight 
angles  to  the  plane   of  incidence. — Lc,  parallel   t  (fleeting 

surface, — or  it  may  be  Kfl  that  plane,  in  whir  h  08*6  the  vibrat- 
ing ether  will  not  brush,  but  will  strike  the  reflecting  surface :  OT 
it  may  be  in  any  intermediate  direction  or  sequence  of  directions. 

Frv-in-1,  in   invt  -tmaiiiu'   tlii-   mbjeot,  made    tin-   following  assumption*, 
viz. — (1)  that  of  the  conservation  of  virt»  vivos*  or,  as  we  would   now  say, 
the  Conservation  <>f  Energy ;  c2  thai  the  movement  of  the  in  ideal   • 
eontinoonaly  Into  '■'-■  I  ray;  (3/  that  wnfla  Itdoai  •oeonsunv 

oualy,  it  doe«  so  very  rapidly  al   the  NDrfaee  of  separation  ;  and  (4) — a 
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arbitrary  assumption— that  <liif-  v  of  ethfluWBVee  in  .liHV-ivnt 

rabftUIOefl  *W  due   to  difference*  of  density  of  the  ether,  -in-ity  re- 

nin: 

l"[.if!i  theM  postnlftlM  In- showed  Le&iatteal  icuMiiiing — 

(1.)  If  the  incident  beam  baa  plane-polarised  beam,  vibrat- 
parallal  to  tin-  ri  I  ■  surface,  tin'  refracted  and  the 

reflected    are   also    plane  ed   beauis    whoee    \il>i 

paralhd  to  the  original  directd 

Tli.'  frequency  of  vil nation  is  unaffected  by  reflexion  and 
fraction  :  tin-  ooloun  of  the  incident,  reflected,  and  refracted  rays 
are  the  Bama. 

i  The  angle  of  incidence  is  equal  to  the  angle  of  reflexion. 
(4)    Hi"  line  of  t,  the  angle  of  incidence,  bears  to  the  sine  of  r, 
the  angle   Of  refraction,  a   constant  ratio,  n,  the  ■  Index   of  Re- 
fraction ;"   the  numerical  value  of  n  00  the  n.iiui 
the  two  media.      Sin  i  =  ;/  sin  r. 

. ;   The  amplitudes  of  the  three  rays  are  related  to  one  another 
in  the  following  wmv: — 

The  iOgll  «»f  blddtnee  is  i;  that  i"n  is  r;   the  intensity  of  the 

lint  rny=/.     Then   •,  tin*  ainplitPdc  <»1   tin;  reflected   ray,  is  equal  to 

[  — — r,-       .     |,   while  it,  the  amplitude  of  tin-  refracted   mv,  is  equal  to 
\  OB  («  +  r)  /'  -  ■  i 

(    — —  V   times  the  original  amplitude.      From  the  former  formula 

0  (»  +  r)   ) 

we  learn — 

(a)  That  iIm    gnatat  the  an.  '  'rnce  i,  the  great'  t  El  0,  the  ampli- 

tude <-'f  the  reft 
(h)  That  when  tin-  in  ideal  ray  is  so  nearly  paraDd  to  the  surface  of  the 
limply  to  '  it  reflect)  £nal  to  the  incident 

one  ami  the  p Tr.n  ;  nil. 

(c)  That  when  i  b  greater  than  r,  r  is  negative ;   while  when  *  is  less  than 
r,  V  it  ]  -,  when  I  my  strikes  the  surface  of  a 

deaeet  incliuin,  tin-  reflected  ray  b  i  direct  continuation  i»f  the 
ray,  changed  in  direction  ;  while  when  tight  travels  in  I 
dancer  medium,  half  ■  wcfe-logth  is  lost  on  reflexion  at  the  sur- 
face of  a  rarer  medium.  This  conclusion  is  independent  of  any 
I.  hypothesis  as  t<>  particles  as  that  l.y  which  WC  have  already 
illustrated  the  same  proiN*itions  on  pages  122  and  123. 

>  The  respective  intensities  of  a  reflected,  a  refracted,  and 

the  incident  ray  are  in  the  ratios  of 

sin*  (»  —  r)         sin  2i  sin  2r    . 
sin*  (t  +  r)  sin*  (t  +  r) 

.)   When  light  travelling  ill  a  denser   medium   strikes    the 
surface  of  separation   between  the  denser  and  a  rarer  medium  at 
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i  is  greater  than  n,  both  refitiadoo 
refraction  nre  possible ;  but  it'  the  angle  of  incidence  be  such  that 
sin  »=s n,  then  sin  r=l,  and  the  ray  refracted  into  the  rarer 
medium  grazes  the  reflecting  surface,  for  r=90°;  and  any  light 
foiling  still  more  obliquely  upon  the  surface  will  be  totally 
reflected,  the  reflected  ray  possessing  the  whole  energy  of  the 
original  incident-ray.  In  the  last  case  sin  r=.$u\i./u,  which  is 
greater  than  1  ;  and  r,  the  angle  of  refraction,  is  an  impossible 
angle;  there  is  therefore  no  refraction. 

In  Kg,  l."7  the  ray  AO  is  partly  reflected  to  A"  and  partly 
refracted  to  A';  the  ray  BO  is  partly  reflected  to  B",  and  partly 
M.'I't.irU'.l  to  B',  the  refracted  por- 
tion grazing  the  refracting  but! 
the.' ray  CO  is  wholly  reflected 
to  C",  and  is  not  refracted  at  all 
into  the  rarer  medium. 

As  examples  of  Total  Befle 
we  may  take  a  tumbler  of  water 
held  above  the  head ;  it  will  give. 
a  clear  mirror-image  of  the  objects 
on  the  table  below  it ;  a  bubble  of 
air  in  water,  or  a  test  tube  contain- 
ing air  immersed  in  water,  will,  when  looked  at  at  a  certaiu 
angle,  appear  to  have  as  bright  a  mirror -surface  as  that  of 
mercury.      In  Fig   158   II  Sting   a  total  -  reflexion   prism 

at  M  is  totally  reflected  at  0,  and  travels 
towards  R,  which  it  reaches  without  re- 
fraction. 

(8.)  The  energy  of  a  ray  totally  re- 
flected is  equal  to  that  of  the  Incident 
ray;  there  is,  however,  a  slight  retarda- 
tion nf  its  phase. 

These    laws  all  apply   to   vibrations  '"* 

executed  at  right  angles  to  the  plane  of  incidence,  and  were 
deduced  by  Fresnel  from  the  fundamental  hypotheses  already 
mention 

Let  us  now  turn  to  the  reflexion  and  the  refraction  of  plane- 
polarised  light  whose  vibratious  are  at  right  angles  to  these,  and 
are  thus  executed  in  the  plane  of  incidence. 

In  the  refracted  anil  rafl  irifl  >till  be  in  the  piano 

of  incidence,  but  they  cumi-t,  ;.:  otering  ill  it  main 

parallel  to  their  original  direction.     The  consequence  deduced  by  Fresnel 
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faum  thll  [I,  ihit  while  the  ordinary  lawa  of  refraction  and  reflexion  areoU-vi,! 
by  such  ]tlan«-jK)]:iri-il  light  so  far  as  directions  are  concerned,  the  relative 
intensities  of  the  im-idcnt,  the  reflected  and  the  refracted  light,  are  not  the 
same  as  they  were  in  the  preceding  case,  but  ore  new  respectively  in  the  ratio 

tan2  (»  -  r)  ain  2  t  sin  2  r 

tan8  (i  +  r) 
incident  :      reflected 


1 


rtr.iM. 


sin*  (i  4-  r)  cos*  (i  —  r) 

refracted. 

The  intensity  of  the  reflected  light  is,  in  u  particular  case,  tiv/;  that  is, 
when  {tan*  (*  -  r)  -r-  tan*  (i  +  r)}  =  0,  or  when  (i  +  r)  -  90°. 

In  Fig,  159  the  ray  AO,  whose  vibration  is  in  the  plane  of 
incidence,  falls  at  such  an  angle  i  that  it  is  refracted  along  OA'; 

if  it  had  been  reflected  at  all  it  would 
have  been  reflected  along  OA";  at  one 
particular  angle  of  incidence,  AON,  the 
ted  ray  OA'  and  the  reflected  ray 
OA"  (if  there  had  been  such  a  ray) 
would  have  been  at  right  angles  to  one 
smother.  When  the  angle  of  incidence 
and  the  angle  of  refraction  together 
make  up  a  right  angle,  there  is  no 
reflected  ray;  no  vibration  effected  in  the  plane  of  inciden 
reflected  at  all,  and  a  plane -polarised  ray  of  this  kind  falling 
at  the  appropriate  angle  of  incidence,  however  bright  it  may  be, 
«iQ  fail  to  be  reflected  from  a  mirror.  This  is  a  case  of  Total 
Refraction ;  the  whole  of  the  energy  of  the  incident  ray  is  in 
the  refracted  ray.  When  the  incident  light  grazes  the  refracting 
surface,  the  reflected  beam  also  grazes  it,  and  there  is  no 
refraction. 

When  light  wh«*e  vibration  is  in  the  plane  of  incidence  is  totally  reflected. 
it  undergoes  a  slight  HtmilllHou  of  phase,  less  than  that  observed  in  the  case 
of  light  whose  vibration  is  at  right  angles  to  the  plane  of  incidence. 

From  these  results  it  is  easy  to  pass  to  the  case  of  light  whose 
vibration  may  be  considered  to  be  the  result  of  the  composition 
of  vibrations  parallel  to  the  plane  of  incidence  with  others  at  right 
angles  to  that  plane.  Such  light  may  be  plane-polarised,  vibrating 
in  some  plaue  neither  that  of  incidence  nor  one  at  right  angles  to 
it;  it  may  be  circularly-  or  elliptically-jiohirised  light,  or  it  may- 
be common  light.  In  all  these  cases  each  component  is  reflected 
and  r»'t*rnct«Ml  according  to  its  own  laws  In  this  way  the  reflected 
and  refracted  rays  may  come  to  differ  in  character  from  one  another, 
and  from  the  original  ray.  As  an  extreme  case,  let  a  beau)  Of 
common  light  fall  upon  a  piece  of  glass  at  such  an  angle  that 
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i  +  r  =  90°  (Fig.  159);  of  that  part  of  the  farfdent  beam  which 
is  due  to  vibrations  executed  at  right  angles  to  the  Plain*,  of 
Incidence  there  is  reflected  a  certain  proportion ;  of  that  part  of 
the  incident  ray  which  is  due  to  vibrations  parallel  to  this  plane 
there  is  reflected  none.  The  Light  reflected  from  glass  at  such  an 
angle  has  its  vibrations  thus  restricted  to  a  plane  at  right  angles 
to  the  plane  of  incidence ;  it  is  plane-polarised  light,  A  piece  of 
glass  held  in  the  course  of  a  beam  of  common  light  at  the  proper 
angle  may  thus  be  used  as  a  simple  means  of  obtaining  a  beam  of 
light  Plane-Polarised  by  Keflex  ion. 

The  precise  angle  of  incidence  i.  for  which  »  +  r  =  90",  is  called  the 
Angle  of  Complete  Polarisation.  It  depends  upon  n,  the  refractive 
index  of  the  refractive  substance,  and  the  angle  i  is  such  that  tun  t  =  »  ;  for 
sin  i=*n  sin  r~n  cos  i.  With  metal  laflMtua  there  is  no  angle  of  complete 
polarisation. 

Such  are  the  consequences  deduced  by  Fresnel  from  the  hypo- 
thesis that  the  Ether  is  condensed  around  the  particles  of  ordinary 
matter  while  its  elasticity  remains  unaffected. 

Neumann  an<l  MacCullagh,  from  the  contrary  hypothesis — thut  the 
density  of  the  Ether  is  the  same  in  all  substances,  while  its  elasticity 
b  dihYn-nt  in  different  substances — deduced  a  set  of  oottdttibM  precisely 
rimUtf  to  those  above  given,  with  thi*  remarkable  difference,  that  the  pro- 
pertied attributed  by  Fresnel  to  plane-polarised  ether-waves  whose  oscillations 
are  effected  at  right  angles  to  the  plane  of  incident  e  are  by  the  latter  writer* 
found  to  be  associated  with  plane-polarised  light  whose  vibrations  are  parallel 
to  that  plane,  ami  vice  vera*.  The  fundamental  postulates  of  the  two  theories 
are  closely  associated  with  these  consequences. 

We  must  now  turn  to  a  point  of  terminology.  When  a  beam 
falls  upon  a  mirror  at  the  angle  of  complete  polarisation,  the  re- 
flected ray.  if  there  be  any,  is  plane-polarised  ;  and  it  is  said  to 
be  polarised  in  the  plane  of  incidence.  According  to  Fresnel's 
view,  the  vibrations  in  this  beam  are  supposed  to  be  executed  in 
a  direction  at  right  angles  to  the  plane  in  whiel  the  beam  is  said 
to  be  polarised. 

The  question  between  the  followers  of  Fresuel  and  Cauchy  on  the  one 
hand,  and  those  of  Neumann  and  MacCullagh  on  the  other,  may  thus  be 
stated:  Arc  the  vibrations  of  plane-polarised  light  n  •  ut.  1  ,\-  rigkl  U 
parallel  to  the  plane  in  which  the  light  is  said  to  be  polarised — a  plan,  which 
by  convention  is  called  the  plane  of  polarisation  ?  This  question  is  still 
tub  jwlir*.  Th Mg$  it  seemed  until  recently  that  Fresnel's  view  hail  definitely 
prevailed,  and  that  the  vibration  of  polarised  li^ht  h  at  right  angles  to  Iti 
plane  of  polarisation,  yet  in  recent  tunes  the  contrary  view  hfll  met  with 
increasing  favour,  especially  sin  tromagnctic  theory  of  the  propaga- 

tion of  light  lias  been  promulgated  ;    this  theory,  due  to  Clerk  Maxwell, 
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i  Is  that  the  vibrations  of  a  plan. ?-pol. iriscd  ray  be  im  the  plane  of  r 
isation,  not  at  right  angles  to  it.  A  further  con.-iilei-ation,  which  K-inU 
probability  to  this  view,  is  derived  from  certain  mathematical  dittkultie.- 
whirh  uln  from  the  admission  of  Frcsnel's  second  hypothi  -i  ,  that  the  move- 
ment of  the  ethat  in  tlif  agcond  medium  is  continuous  with  that  in  the  first; 
for  thi  is  is  found  to  lend  dim  tly  to  the  ^inclusion  that  the  d'-nsity 

..f  tli.-  ether  in  the  two  media  Tnu.-t  he  tlo-  MUDtt,  and  is  therefore  one  which 
is  incompatible  with  his  fourth  hvpnth. 

Prufv<-or  Stoke.",  on  the  other  hand,  reasons  in  favour  of  the-   movem-iit 

•In1  plant*  of  polarisation,  and   Ihe  following   is  a   sketch  of 

his  argument.      The  vibrations,   in  a  beam  of  light  BM  admittedly  transversa 

to  the  direction  of  propagation.     Oonaidot  a  polarised  reflected  beam  ;  the 
vilnations  are  admittedly  symmetrical  with  regard  to  the  plana  of  reflexion  ; 

i inst  be  either  parallel  to  it  or  at  right  angles  to  it.      Now,  .^ippoae  a 
horizontal  beta  to  strike  a  haze  and  then  to  be  reflected  vertically  upwards 

into  the  oi.-erver's  eye.    The  raflectad  light,  h  Qsdonbtedly  pahviaad  in  a 
plane  passing  through  the  source  of  light)  the  ]«tint  of  the  ha  at  and 

the  observer's  ey  ,  it  i«  polarised  in  the  plane  of  reflexion.     If  the 

vibrations   be   parallel  'lane  in  the  anoflftding  beam,  they  must  either 

have  been  originally  parallel  to  the  direction  of  propagation  of  thi 
beam,  which  is  ini|-.-.-iM.-  ;   or  rise,   they  mint    Imvi-   been   changed    in 
vibratory  direction  by  impact  against  obstacles  smaller  than  tin  ir  own  wave- 
i,  which  is  improbable.     If,  on  the  other  band,  the  vibrations  be  at 
right  au^'It-  bO  the    plane   of   reflexion,  the    general    direction  of  fihmtk 

Iter  reflexion  as  before  it.     The  latter  view  is  preferable:  and 
according  to  it,  the  vU  re  at  right  angles,  t  olarisation. 

When  ordinary  monochromatic-light  is  reflected  at  any  EUD 
other  than  that  of  complete  polarisation,  the  reflected  ami  the 
refracted  beam  must  both  be  partially  polarised,  and  each 
will  be  polarised  to  an  equal  extent,  though  in  contrary  senses. 
In  the  reflected  beam,  light  polarised  in  the  plane  of  in.  i 
preponderates  until  the  incidence  is  a  grazing  one:  in  the  refracted 
ray,  light  polarised  at  eight  angles  to  that  plane  preponderates  to 
an  exactly  equal  extent,  so  far  as  the  energy  of  the  vibration  is 
com 

When    mixed   light,  such  as white  light,  falls    upon  a.  refr  face, 

then  afaiaa  »,  the  in<h  aetiflD,  b   different  for  each  kind  of  light,  die 

proportion*  of  each  Bolon  ml  In  thi  reflected  and  the  refi 

rays  respectively  are  different  ;  white  light,  when  reflected  from  a  non 
refnutimr  surface,  always  becomes  bluer,  the  refracted  light  redder  ;  and  we 
have  seen  this  to  account  for  the  blue  colour  of  haze. 

The  intensity  of  a  reflected  ray  is  represented  by  (sin3  (i  -  r)-rsiu2  (i  ■+■  r)}. 
If  we  pan  to  a  ray  of  greater  refrnngibility  we  alter  r  to  f,  anil  our  intensity 
Winnie*  \in2  (t-  f)-r sui*  (i  +  r)},  which  is  always  greater  than  the  former. 
Where  the  actual  refraction  is  greater,  the  corresponding  angle  of  refraction 
is  less  ;  %  I  u  this  case  f  is  a  smaller  angle  than  r. 

ir  the  incidence  of  total  reflexion  some  colours  may  be 
totally  reflected,  others  in  part  refracted ;  near  the  incidence  of 
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total  reflexion  or  complete  polarisation  an  analogous  result  is 
obtained.  The  dower  waves  of  heat  have  a  lower  refractive 
index,  and  must  therefore  strike  a  refracting  surface  at  BH  angle 
somewhat  more  vertical  or  nearer  the  normal  than  those  of  light* 
in  order  to  become  completely  polarised. 

We  thus  learn  that  refraction  and  reflexion  may  materially 
modify  the  character  «>{"  light  which  strikes  on  a  refracting  surface. 
If,  however,  we  attend  only  to  the  Direction  of  the  resp< 
ray 8,  and  not  to  their  states  of  polarisation,  or  to  their  colour,  etc., 
we  may  study  the  effect  of  mirrors  or  lenses  in  modifying  the 
direction  of  an  incident  beam  of  light,  whether  this  be  plane- 
fronted,  convergent,  or  divergent.  We  shall  first  consider  the 
case  of  monochnniiatie  light. 

Mirrors. —  Plane  mirrors  reflect  light  in  such  a  way  that  the 
reflected  waves  are,  as  regards  their  direction,  precisely  such  as 
might  have  come  from  an  <  source  of  light  situated  behind 

the  reileeting  surface,  and  at  a  distance  behind  it  equal  to  the 
distance  between  the  object  and  the  mirror.  This  is  illustrated 
in  Fig.  Gl,  and  it  is  a  matter  of  familiar  knowledge  in  the  use  of 
looking-glasses,  aud  in  the  appearance  presented  by  the  inverted 
image  of  objects  on  the  shore  when  these  are  seen  reflected  on  a 
surface  of  smooth  water,  the  image*  then  seen  being  appai 
at  the  same  horizontal  distance  from  the  eye  as  the  objects  thero- 
g ;  while  the  Image  of  B  slightly-clouded  sky,  as  reflected  in 
•••ly  smooth  turbid  water,  appears  extremely  & 

'Pli<  int  inversion  of  an  image  in  a  mirror  is  a  natural 

result  of  the  fact  that  the  image  of 
each   point  is  apparently  situated  be*       *. 
hind  the  mirror.     Fig.  160  explains 
this  result. 


^ 


/ 


The  wader  may  construct  a  diagram  t«i  ' 
show  how  it  is  that  •  mirror  about  half  a 
lit,  ami  plaotdi  opposite  the  appO 
half  of  hi*  body,  will  give  him  a  full-length 
image  of  hi  mat- If. 

The  DM  of  mirrors  fixed  at  an  angle  of  45°,  in  0  cast 

the  light  of  the  sky  into  a  room,  or  in  order,  when  fixed  outside 
a  window,  to  enable  a  parfOO  within  a  room  to  see  the  passengers 
in  the  street  outside,  is  sufficiently  intelligible. 

In  'i  dm  principle  Is  utih  I.,u  \  ngoscope.     Light 

filling  from  n  lump  ppon  a  concave  B  I  UuU  plane-mirror, 

hel.l  liv  BkBttl  "f  a  kng  haiulle  at  an  angle  of  45"  within  the  pharynx  of 
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the  patient ;  the  light  is  reflected  ami  passes  down  toward*  the  larynx,  which 
is  illuminated  and  becomes  a  source  of  light  ;  rays  returning  from  this, 
passing  upwards,  strike  the  small  pharyngeal-mirror,  and  are  diverted  by  it 
so  that  they  traverse,  horizontally,  the  cavity  of  the  mouth,  and  pass  through 
a  small  aperture  in  the  centre  of  the  o>n<  ;ive  mirror  into  the  eye  of  the 
observer,  who  is  thus  enabled  to  see  the  larynx  and  windpipe. 

The  brightness  and  distinctness  of  an  image  depend  upon  the 
polish  of  the  mirror,  and  on  its  not  scattering  the  light  which  falls 
upon  it     A  smooth  clean  mirror  is,  itself,  almost  invisible. 

A  piece  of  polished  platinum  reflects  light  as  well  when  it  is  white-hot 
as  when  it  is  cold. 

The  image  of  an  object  in  a  mirror  can  never  be  brighter  than 
the  object  itself,  however  smooth  the  mirror  be.  Hence,  if  a 
candle  be  held  between  two  parallel  mirrors,  the  long  series 
of  images  produced  by  multiple  reflexion  grows  fainter  as  the 
images  seem  to  grow  more  distant. 

When  we  have  multiple  reflexions  of  light  between  two  polished  plates, 
if  the  plates  be  parallel  and  the  JaddeBOl  oblique,  the  reflexions  are  more 
numerous  the  nearer  the  plates  are  to  one  another.  If  the  two  plates  be  in- 
clined to  one  another  at  an  angle  of  U0°,  the  images  of  a  pjint  lying  between 
them,  the  image  of  which  is  multiplied  by  repeated  reflexion,  are  so  situate.  1 
that  the  first,  second,  ....  sixth,  form  together  a  symmetrical  Kaleido- 
scope-image of  the  point,  a  group  of  images  ranged  round  a  central 
axis,  while  the  seventh   ami  further  images  coincide  with  iecessors. 

Similarly  for  such  angles  as  90°,  46°,  30",  24°,  and  other  aliquot  parte 
of  360". 

When  a  mirror  is  rotated  a  beam  of  light  reflected  from 
a-    cA*     j-lg.16i.  it  is  deflected  through  an  angle  equal  to 

twice  that  of  the  rotation  of  the  minor 
itself.  In  Fig.  161  S  is  a  source  of 
light ;  AB  a  mirror;  SM  an  incident  r 
MIL  a  reflected  ray.  If  the  mirror  bfl 
turned  into  the  position  A'B',  the  reflected 
R  beam  is  now  MR':  the  reflected  ray  has 
swept  through  the  angle  KMR',  which  is 
Db  aqual  to  twice  the  angle  AHA. 

We  have  already  (p.  120)  considered  some  cases  of  the  re- 
flexion of  waves  at  puabolk  and  elliptical  mirrors,  and  on  seg 
menu  of  spheres.  Parabolic  mirrors  are  used  when  it  is  desired 
to  bring  the  plane-fronted  light  of  a  distant  star  accurately  to  a 
focus,  or  to  produce  a  parallel  beam  of  light :  in  the  latter  case 
the  source  of  light  is  placed  at  the  focus  of  the  paraboloid. 
Spherical  mirrors  may  be  considered,  if  we  restrict  our  attention 
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to  those  rays  which  fall  very  near  the  centre  of  the  minor,  fcC 
have  an  approximate  focus  at  the  tip  of  their  "  caustic  hy  re- 
flexion" (Fig.  64). 

When  llu-  beam  ll  bioad  the  ray*  do  not  converge  accurately  t"  a  D 
ami  the  image  of  ■  point  i*  a  circle,  brightest  towards  its  centre.    This  is  tin- 
Spherical  Aberration  of  a  mirror,  which  renders  its  definition,  especially 
of  ■  broad  objects,  very  bad.     In  consequence  of  thin  it  is  often 

necessary  t«>  out  "IT  the  lateral  rays  by  a  diaphragm,  which  increases  the 
clearness  h  it  diminishes  the  brightness  of  the  image. 

When  fight  coming  from  a  source  at  a  positive  distance, 
/,  is  Te fleeted  by  a  concave  spherical -minor,  it  is  reflected 
back  to  an  approximate  focus  at  a  positive  distance  f.  Tin- 
distance  of  the  source  /,  the  distance  of  the  approximate  focus 
f ,  and  r,  the  radius  of  the  mirror,  are  connected  by  the  law 

Here  r,  the  distance  of  the  centre  of  curvature  of  the  mirror  is  to  the 
right,  positive. 

When  the  source  is  infinitely  distant,  I  f=0,  and/'=  Jr;  the  case  of 
Fig.  64,  page  121.     The  focus  to  which  the  light  converges  in  this  case  is 

the   Principal  Focus  of  the  mirror.      If  the  course,  of  the  ligbi 
reversed,  and  /=  Jr,  f  m  ao,  ami  the  light  is  reflected  to  a  focus  at  an 
infinite  distance  ;  it  is  approximately  parallel-rayed  or  plane-fronted. 

Wba  the  source  is  at  a  dsflnite  I  centre  of  the  sphere, 

the  focus  is  between  tin-  principal  focal  and  tin-  .  <  in 'tiical  centre  of  the 
sphere  ;  dnvir.lv,  when  a  source  of  light  b  between  the  principal  focus  ami 
the  centre  of  the  sphere,  the  reflected  light  converges  upon  a  point  at  a  defi- 
nite point  beyond  the  centre; 

Light  radiating  from  tin  I  spln-rind  mirror,  after  reflexion,  Again 

converges  upon  tl  int.      When  the  source  i  1  the  principal 

focus   ami    the    inirmr,  i>.,  when  /  i-  B   Jr,  /'  is   negative,  and    tin- 

Mfltettd  I  to  diverge  from  a  poifii  of  the  mirror, 

and  the  Image  of  the  point  in  imaginary  or  Virtual. 

Pairs  of  points  at  the  respective  distances /and  f,  as  defined 
l»y  this  formula,  are  called  Conjugate  Foci. 

Conjugate  foci  ore  found  in  one  of  the  four  following  relations : — 
(a.)  Coincident,  both  being  at  the  geometrical  centre  of  the  mirror. 
(6.)  One  between  the  principal  focus  and  the  centre  ;  the  other  beyond 
the  centre. 

(c.)  One  at  tl  .1  focus;  the  other  at  an  infinite  distance-  tayond 

(d.)  One  between  the  principal  focus  and  the  mirror  itself;  the  other,  a 
virtual  focus,  apparently  behind  the  mirror. 

It*  the  source  of  light  be   not   in   the  axis  of  the   mirror,  the 
light  is  not   brought  to  a   focttl   in   the  axis,  hut  at  some  point 
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situated  laterally.     In  Fig.  1G2  the  rays  proceeding  from  A  con- 
verge upon  A',  and  an  eye  situated  m  the  direction  of  15  Looking 

towards  the  mirror  will  receive 
rays  which  appear  to  diverge  from 
a  Real  image  at  the  point  A', 
a  poiut  which  the  waves  really 
traverse.  If  the  source  of  light 
be  an  extended  object,  AZ  (Fig. 
163),  there  will  be  formed  an  in- 
b  verted  real  image,  A'Z',  an  image 
produced  by  an  actual  divergence 
of  the  rays  from  a  series  of  points  situated  at  Z'A'.  In  I  i,-. 
163   the   object  AZ    produces    a   diminished    and    inverted  real 


image  at  Z'A';  or,  conversely,  an  object  at  Z'A'  will  present  an 
inverted  and  enlarged  real  image  to  the  eye  placed  beyond  AZ,  an 
image  which  appears  nearer  than  the  object  itself. 

Suppose  that  the  object  AZ  is  tht  bee  of  u  person  looking  at  a  concave 
mirror,  it  is  plain  that,  the  i :\\:»  in  that  face  are  eyes  rftUlied  beyond  Z'A.': 
a  ri-al  image  of  the  face  is  won,  diminished  end  inverted,  and  apparently 
situated  nt  Z'A',  between  the  observer  ami  tht-  mirror.  As  the  obaer\' 
proaches  the  mirror,  the  image  approaches  him  :  it  appears  to  grow  larger. 
When  his  eye  is  at  the  geometrical  centre  of  the  minor,  the  Image  i*  blurred  : 
when  the  eye  is  placed  between  the  centre  anil  the  juiiuijal  bene,  the  ray* 
mil    having  either   r.nllv  or  apparently       <■       I  mother,   the    image   is 

i.  When  the  eye  posses  between  the  principal  (ben  and  the 
surface  of  thi  milTOXj  the  rays  reflected  seem  to  come  from  a  virtual  image 
behind  tin*  minor,  wniqfa  b  erect,  and  i.-  larger  the  neo  •  ii  to  t  lu- 

mirror. 

The  student  will  have  little  difficulty  in  drawing  the  diagrams  appropri- 
ate to  each  case,  and  in  verifying  the  results  even  by  means  of  such  a  simple 
concave- in irrer  as  the  inside  of  a  wal«  li-ca-e,  »r  of  a  common  large  spoon. 

Convex  Spherical -Mirrors. — In  Fig.  1G-1  we  see  that  u 
beam  of  light,  plane-fronted  ox  paraHel-raTecl,  and  therefore  com- 
ing, apparently  or  really,  from  an  infinite  distance,  is  so  reflected 
that  it  appears,  after  reflexion,  to  diverge  from  tl. e  prinoipaj  focus 
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of  the  principal  mirror,  this  point  being  the  tip  of  its  cau.sti<  ; 
while  a  beam  diverging  from  a  point  A  appears,  after  reflexion, 
to  diverge  similarly  from  a 
point  A'  situated  nearer  the 
mirror  than  the  principal  fiocma 

The  formula  is  1//+1  f 
=  -2/r. 


"A". 


Firifls. 


This  fonnula  is  really  tin-  mm 
as  the  preceding  ;  but  r  is  now 
negative. 

"\Vh«n  mixed  coloured- 
light  falls  upon  a  mirror,  all  the  reflected  rays,  whatever  be 
their  wave-lengths  or  relative  intensities,  are  reflected  in  the 
same  directions. 

Winn  u  mirror  i*  flexible  an«l  has  a  variable  i  m  vat  are,  ||  tin-  form  of 
tin-  niirror  is  made  to  vary  irregularly,  intermit t«-ntly,  a  in  accordance  with 
some  harmonic  law  of  simple  or  complex  variation,  so  the  intensity  of  light 
at  any  point  near  the  focus  varies  irregularly,  intermittently,  OK  harmonically. 

Refraction  of  Light. — Light-rays  are  bent  when  they  reach 
irt aiv  of  separation  between  an  optically  rarer  and  an  opti- 
cally denser  medium.     In  Fig.  165  a  body  situated  at  S 
to  be  situated  approximately  at  S'. 
In  this  way,  if  a  coin  be  placed 
in  a  basin,  and  the  eye  placed  in 
such  a  position  as  just  not  to  see 
it,  water  poured   into   the  basin 
will    briny    the    coin    into    view. 
The  sun    is  seen   before   he   has 

astronomically  risen,  and  continues     b/— 

to  be  seen  after  the  true  "  sunset" 

A  stick  placed  in  water  appears  bent,  for  the  image  of  each 
point  of  its  surface  appears  raised  within  the  water  by  an  amount 
proportioned  to  its  depth  beneath  the  surface  of  the  water ;  each 
point  of  the  image  appears  indistinct,  being  brought  only  to  an 
approximate  focus,  and  the  image  of  the  whole  is  blue  on  one 
side,  red  on  the  other,  for,  as  shown  in  Kg.  165,  the  dil 
colours  of  white  light  travelling  from  any  point  S  are  unequally 
refracted  into  the  air. 

When  light  pastes  through  a  numUr  of  parallel-sided  transparent  plates 
cf  different  densities,  tin- Mai  BOgo)  Lion  produ  ■■suae  as  if 

the  last  <>f  them  had  alone  stood  in  the  course  of  the  transmitted  light 
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Prisms — Monochromatic  Light. — If  we  confine  our  atten- 
tion to  a  single  ray  of  tight  impinging  upon  a  prism  surrounded 
by  B  single  medium,  we  may  trace  the  course  of  the  corresponding 
wave-front,  as  in  Fig.  1GG.      The   light  travelling  from   S  strikes 
.         _,  at  the  angle  of  incidence  i : 

it  is  retracted  at  the  angle  r; 
sin  i  —  n  sin  r  (i.)  It  strikes 
the  second  face  at  the  angle 
/;  it  leaves  the  glass  at  the 
angle  if ;  sin  if  =  n  sin  r  (ii.) 
Further,  the  angles  r  +  i*  can 
be  proved  together  equal  to 
the  angle  A*;  r  +  /  =  A  (iiL) 
Lastly,  if  the  angle  between  the  incident  ray  SD  and  the  deviated 
ray  KS'  be  V,  then  i  +  if  —  V  +  A  (iv.)t  From  these  four  equa- 
tions, which  involve  n  together  with  the  six  angles,  i,  i',  r,  t*t  Ar 
V,  we  may,  if  we  know  any  three  of  these  angles  (say  A,  i,  and 
V),  determine,  for  the  particular  monochromatic  light  employed, 
nt  the  Index  of  Refraction  of  the  material  of  the  prism  ;  this 
numerical  quantity  n  expresses,  as  compared  with  unity,  the 
illative  slowness  of  ether- waves  in  the  prism  as  compared  with 
that  in  the  medium  surrounding  the  prism. 

Thui«,  if  a  particular  gla«*s  prism  have  the  index  1*5  in  air  for  a  mono- 
chromatic yellow  light,  that  light  travels  1*5  times  as  fast  in  air  as  it  does  in 
the  glass  out  of  which  the  prism  has  been  cut. 

To  find  the  Refractive  Index  of  a  Liquid,  the  amount  of  re- 
fraction must  be  directly  observed.  Two  telescopes  arranged 
radially  on  a  vertical  circle  or  alidade;  light  traverses  the  OOQ, 
and  is  rendered  parallel  by  it;  it  then  impinges  on  the  level  sur- 
face of  liquid  in  a  central  vessel,  penetrates  it,  leaves  the  vessel, 
passing  normally  through  the  glass  bottom  of  the  vessel,  and  enters 
the  second  telescope,  which  it  traverses.  The  relative  angles  made 
by  the  two  telescopes  with  a  fixed  bar  indicate  the  angles  of 
incidence  and  of  refraction,  which,  being  known,  the  index  n  is 
known. 

•  The  normals  to  the  faces  drawn  at  the  points  of  entrance  and  exit  of  the  ray 
cross  one  another  st  X  ;  the  quadrilateral  AX  has  ita  internal  angles  equal  to  four 
right  angles ;  two  of  these  (at  D  and  E)  are  right  angles :  the  remaining  two  (A 
and  X)  arc  therefore  equal  to  two  right  angle*.  In  the  triangle  DKX,  the  angle* 
r  +  r  4-  X  are  again  equal  to  180° ;  whence  r  +  r*  =  A. 

t  The  angles  r  +  /  =  A  ;  t  hV  +  V  =  V  +  A  ;   V  =  OED  +  ODE  ;     .\  r  +  r>  + 
OED  +  ODE  =  V  +  A  ;  but  r  +■  ODE  ■  XDO  =  i ;  and  /  +  OKI)  ^  XEO  =  9  . 
i  +  i'=  V       A. 
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The  Refractive  Index  of  a  Gas  is  found  by  processes  which 
depend  on  the  amount  of  retardation  suffered  by  tight  in  a  long 
column  of  that  gas,  as  will  U:  seen   Had  jrc."  and  as 

has  already  been  explained  under  "  Velocity  of  Light  "  (the  rota- 
ting-mirror  method,  page  474). 

If  instead  of  a  prism  filled,  say,  with  water  in  air,  we  use  a 
prism  filled  with  air  submerged  in  water,  the  deviation  of  a  ray 
travelling  in  the  water  will  be  equal,  but  of  opposite  sense  to  that 
of  a  ray  travelling  in  air  and  refracted  by  the  water- prism. 

Tin-  refractive  inaVv  fff  ATfMltft  wlwNBWW  h  found  fed  luiv.-  |  dot!  rela- 
tion to  their  chemical  r"H.-titution.  If  a  substance  contain  carbon,  hydrop-n, 
ami  oxygen,  its  formula  being  C„H»Oe,  ami  if  Hi  deadly  be  p,  it  is  found 
that  the  numerical  quantity  •  (a  -  1  •  jp)  x  molecular  weight \  is  constati  i 
though  the  density  be  varied  by  changes  of  temperature,  ami  it  i»  called  \\w 
Molecular  Refractive  Power  of  the  ttbttflMO.  This  refractive  power 
may  be  predicted  from  the  cln-mical  formula  by  fading  t In-  value  of 
ifia-f  I'3o4-3e|.    Isomeric  substaucL's  have  thus  the  Fame  Refractive  Power. 

If  in  the  last  figure  (166)  light  start  from  S\  it  will  retrace 
the  line  S'EDS ;  and  the  same  result  will  follow  if  a  mirror  at  S' 
turn  back  the  light  coming  from  B:  mi  its  direction  being 
reversed,  light  will  retrace  its  path — a  proposition  applicable 
to  waves  in  general. 

Minimum  Deviation. — It  is  only  when  the  prism  is  turned 
into  such  a  position  that  i,  the  angle  of  incidence,  becomes  equal 
to  the  angle  i',  that  light  diverging  from  a  source  S  (Fig.  166) 
can  converge  upon  a  single  focus  lying  towards  S';  and  this  is 
the  position  in  which  the  incident  ray  of  light  is,  on  the  whole, 
least  deviate- 1  by  the  prism. 

If  mixed  coloured -light  be  passed  through  a  prism,  each 
colour  has  its  own  index  of  refraction,  n,  its  own  path  through  the 
prism;  the  whole  light  is  broken  up  by  Dispersion  into  a  bundle 
of  monochromatic  rays,  each  travelling  in  a  separate  direction, 
and  diverging  the  more  widely  from  one  another  the  farther  they 
travel ;  and,  received  on  a  screen,  these  form  a  Spectrum. 

Each  kind  of  light  is  dilfereutly  indited   by  Hm  prism  ;  and  for  each 
kind  of  light  the  minimum  deviation  of  the  prism  is  diflbtenl  ;  whence  an 
image  of  a  dit  looked  at  through  a  prim,  M  OMt  upon  a  screen,  can 
sharply  in  focus  in  all  part*  of  the  spectrum  at  once;  oi< 

UMttmOj  Hid  tO  put  iBJ  particular  colour  of  the 

spectrum  int<»  foeu^  tin-  prism  mutt  i*  rotated  "ii''  wav  md  mofhei  in  tin- 
beam  of  light  until  that  pottfcton  h  band  An  it  which  immniMimli  to  (ha 
greatest  approach  of  it  0  iz  colour,  tovurii  tht  rod  and  of  ttu  iiportniB  i 

this  is  for  that  colour  the  position  of  minimum  deviation  ami   of 
rate  definition. 
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The  Rainbow  is  produced  by  reflexion  and  refraction  of  sunlight  in 
the  drops  of  water  which  make  up  falling  rain.  Parallel  sunlight  falls  from 
behind  the  spectator;  in  each  drop  the  light  is  discursively  refracted,  and 
tlien  reflected  ftom  fll  face  of  thl  dfOipj    it  travels  back  through  the 

drop  and   emerges  in  a  state  of  chromatic  disperaion.      Drops  which  foi    the 
lattd   at  a  certain  angular  hei^hl  -end  violet  light  into  the 
the  observer,  lint  tlie  red  light  from  them  misses  his  eye,  Foe  it  strike* 
too  low.     Drops  at  a  greater  lingular  height  send  red  light  into  the  ohse 
eye,  but  violet  light  |  from  then  i--*,  BS  it  were,  aime<l  tOO  high,  ami 

does  not  enter  his  eye,      Drops  in   intermediate  positions  send  inter  in 
coloured  light  Into  bh  eye.     Drops  above  or  below  a  certain  range  of  angular 
height  do  not  Bend   light   Into  his  eye  at  all.     The  whole  phenomenon  is 
symmetrical  round  in  axis  Containing  the  sun  and  parsing  through  the  ul>- 
server's  eye,  and  the  bow  is,  uecojdil  a  in  the  hi 

box  or  loam  portion  of  b  circle  whose  parts  are  equidistant  5  am  th 
The  rainbow  as  seen  by  the  one  eye  is  not  formed  by  the  Bam*  wateosdropfl 

as  the  rainbow  seen  by  the  other  e 

Repeated  reflections  and  refrnotfoni  in  raindrops  frequently  give  rims  to 
-em Hilary,  tertiary,  eta,  rainbows,  which,  under  experimental  con- 
ditions, hate  bean  Observed  to  the  number  of  eighteen. 

The  halo  seen  around  the  sun  when  it  ihlneB  through  B  frozen  cloud  is 
dns   i  'light   through    the  crystal.-*.       Conceive  a  circle  of 

prisms  round  the  BUB  arranged  in  rash  a  position  as  to  send  a  maximum  of 
sunlight  into  the  eye:  a  circular  spectrum  would  be  seen,  red  internally; 
BJBflDg  fchi  particles  of  ice  in  the  cloud  some  must  be  in  the  favourable  posi- 
tion of  these  prisms. 

Recomposition  of  White  Light. — If  a  "bundle  of  coloured 

Flg-167t  rays,  emergent  from  a  prism,  be 

received  on  a  second  prism,  similar 

to  the  first  but  reversed  in  position, 

these  monochromatic  rays  are  again 

recombined,   and   aguiii   form,   on 

emergence,  a  beam  of  the  original 

mixed  coloured-light,  parallel  to  its 

original  direction ;  on  the  whole  there  is  neither  dispersion  nor 

angular  deviation. 

Deviation  without  Dispersion. — It  white  light  fall  upon 
a  flint-glass  prism  of  such  an  angle  as  to  make  on  a  screen,  at  a 
distance  of,  say,  10  feet,  a  spectrum  whose  length  between  two 
definite  colours  or  Fraunhofer  lines  is,  say,  3  inches;  and  if 
another  prism  of  crown  glass  which  is  able  to  produce  a  spectrum 
of  an  exactly-equal  length  between  the  same  definite  colours  or 
lines  be  so  placed  as  to  reverse  the  dispersive  action  of  the  former 
prism,  according  to  the  principles  of  the  last  paragraph,  the  light 
leaving  the  dobd  is  approximately  white.  It  is  not,  however, 
parallel  to  its  original  course ;   for  when  we  pass   from  prisms 
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of  one  substance  to  prisms  of  anothi t,  we  find  a  phenomenon 
known  as  the  Irrationality  of  Dispersion;  we  find  that  the 
relative  amounts  of  mean  deviation  and  the  relative  amounts  of 
dispersion  produced  by  two  given  prisms  are  independent  of  one 
another;  and  hence,  to  reverse  dispersion  is  not  necessarily  to 
reverse  deviation,  ii  this  be  effected  by  a  prism  of  a  second,  a 
•rent  substance. 

A  Hint-glass  prism  and  a  crown-glass  prism  thus  combined  may  produce 
deviation  without  producing  any  dispersion,  and  the  emergent  light  is 
t  •;  nnd  thus,  for  any  two  kinds  of  light  a  flint-glass  prism 
may  be  achromatised  by  a  second  prism  of  crown  glass.  Tin-  rrcom- 
nutrition  of  the  colour  is  not  perfect,  except  for  the  two  colours  (or  lines) 
chosen;  it  would  have  been  pm&et  wire  tin  fywlfffifi  of  cruwn  glass  pre- 
cisely similar  to  that  of  Hint  glass  in  respect  to  the  proportionate  lengths  of 
the  coloured  areas  in  it;  but  it  is  not  so;  in  the  crown-glass  spectrum  the 
orange  and  yellow  are  prupnrt innately  more  refracted,  and  are  ipraad  om  a 
[•:  ■  ijM.it.iuiwili'ly  grata  SNA  than  they  are  In  the  Hint-glass  spectrum,  and  the 
bin.-  jiti-1  vi..I<  t.  leM  so;  the  former  arc  for  accurate  neoD]  nob, 

the  Utter  two  little,  id  by  tin-  aehromatising  crown-glass;  the   issuing 

beam,  whitf  at  the  a  litre,  is  yellowish  on  one  side,  bluish  on  the  other. 
Thiv.-  pritmi  may  be  combined  so  as  to  blend  three  colours  in  the  emergent 
ray ;  and  so  forth. 

Reflexion  at  the  surface  of  a  mirror  iiiuy  be  said  to  furnish  an 
example  of  deviation  without  dispersion.  Sometimes  a  reflecting 
prism  (Fig.  158)  is  preferred  to  a  mirror,  especially  in  lantern 
projection-apparatus.  Light  enters  normally  at  one  face  of  the 
prism,  is  totally  reflected  at  the  second,  and  passes  normally 
through  the  third.  The  image  produced  by  such  a  prism  is 
inverted ,  and  if  the  incident  beam  be  parallel  there  is  no  refrac- 
tion, and  therefore  no  chromatic  dispersion,  while  the  loss  of 
light  is  very  small. 

Dispersion  without  Deviation. — H  crown-glass  prisms  and 
llint-gluss  prisms  be  alternated  they  can  be  made  to  produce  dis- 
persion while  the  issuing  rays  are  parallel  to  the  original  direction 

of  the  entering  light. 

This  principle  is  applied  in  the  Direct-vision  spectro- 
scope, which  simply  consists  of  a  train  of  such  prisms,  to  which 

Fif.isa. 


the  light  is  admitted  by  a  slit  at  A  (Fig.  L68),  and   from  which 
the  light,  issuing  at  B  is  caused  to  pass  through  a  lens  which  can 
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!-«•  so  adjusted  as,  for  each  colour,  to  give  the  eye  a  clear  image 
of  the  slit ;  and  the  eye  accordingly  receives  the  impression  of  a 
continuous  spectrum  situated  at  the  focus  of  the  lens. 

Abnormal  Dispersion. — The  amount  of  deviation  of  each  kind  of 
QoioBjed  light  can  be  dlnoctlj  maaiund  when  ■  Bpestram  is  formed;  *o  can 
lIil'  angle  of  the  prism  and  the  angle  of  incidence ;  thus  for  each  transparent 
•ubstance,  and  fof  I  m &  waw-t'i.  1'tency  of  incident  ether-waves,  the  index  of 
rnfrictiftH  may  be  calculated  uud  recorded. 

The  gyeflUa  pvodttOed  by  similar  prisma  of  different  substances  differ  not 
only  in  their  obsolutc  lengths,  but  also  in  the  proportionate  length  of  each 
rulnui,  imil  even  in  their  arrangements.  A  hollow  glass  prism  filled  with 
iodine  vapotu  refracts  red  light  most,  and  violet  least;  it  gives  a  spectrum 
the  order  •  »f  succession  in  which  is  ultra-violet,  violet,  blue,  red,  the  reverse 
of  the  ordinary ;  the  intermediate  parts  of  the  spectrum  are  lost  by  absorp- 
tion. A  weak  alcoholic-solution  of  fuchsin  in  ■  hollow  gloss  prism  refract* 
the.  blue  and  violet  less  than  it  refracts  the  yellow  rind  red;  the  spectrum 
t litis  presents  the  following  order: — Fraunhofer  lines,  F  to  H — i.e.  green, 
bine,  violet — then  A  to  D,  red,  orange,  and  yellow,  not  quite  up  to  the  E 
lim:  tin-  gfMD  from  E,  nearly  as  fur  as  F  (E  inclusive),  being  absent  on 

tint  of  absorption.  Aniline  violet,  aniline  blue,  indigo  carmine,  give  a 
green-blue-orange  spectrum.  A  concentrated  solution  of  cyanin  in  a  hollow 
glass  prism  gives  a  spectrum  consisting  of — first,  green-blue,  then  a  dark 
baud,  then  red,  and  traces  of  orange. 

In  general  all  bodiM  wb&i  b,  like  many  of  the  aniline  dyes  or  crystals  o 
permanganate  of  potash,  act  upon  some  kinds  of  light  as  metallic  reflectors 
ainl  j-n  -tut,  when  in  the  solid  state,  superficial  ooloan  differing  from  the 

.  -rolnurs,  are  found  to  give,  when  their  eoHntfao  occupies  a  hollow  glass 

fa,  nu  analogou:-  lcfi.wt ion-spectrum — not  to  be  confounded  with  the 
ordinary  a  Sorption -spectrum —  in  which  the  order  of  the  colours  is  not  that 
of  the  sjtectiurn  M  prod  need  by  I  prilBD  of  solid  glass.  On  the  red  ward  side 
of  an  absorption  band  the  index  of  refraction  b  found  to  tut  Hit*  10  rapidly 
as  u>  tibrov  the  part  of  flu  ipectrnm  near  the  redwnd  side  of  the  absorption 

band  over  towards  the  violet  ;  and  conversely,  the  part  of  the  spectrum 
litnated  near  the  violet-wattl  side  of  an  absorption-band  is  thrown  back 
towards  the  red.  Tl«  effed  may  be  simply  to  render  the  ubgorption-band 
narrower  than  it  would  have  ban  had  GfaefO  been  DO  effect  of  this  kind,  or 
to  cause  overlapping  «>f  different  parte  of  the  spectra;  or,  as  in  the  case  of 
fuchsin  and  eyaiiin,  actually  to  throw  over  the  redward  and  the  violet-ward 
jMU-ts  of  the  spectrum  into  each  other's  places,  and  to  make  red  light  more 
refrangible  than  violet.  These  phenomena,  experimentally  systematised  by 
Kundt,   I  iboUBed    by    Helmholtz   on   the    supposition    that   the 

absorbed  light  being  in  tune  with  the  molewdeB  of  1 1 1  l-  body,  these  molecule* 
are  set  in  motion  which  is  modified  by  intramolecular  friction  so  as  to  react 
on  the  tiaiiMiiitted  light.      Th-  is  still  obscure. 

The  heat  region  of  the  spectrum  is  very  much  shortened  or  compressed 
i  glass  prism-. 

Lenses. — Louses  are  of  two  main  kinds  : — 
a.  Thin-edged,  thick  in   the  centre ;  either  convex  on  both 
sides,  plano-eonvex,  at  convexo-concave,  with  u  shallow  concavit 
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n  parallel-rayed  beam  of  light  falling  upon  one  of  rJIOOfl  lmn 
is  made  to  converge  after  transmission  apan  a  Read  Focus  at  tin- 
opposite  side  of  the  If  lis. 

£.  Thick-edged,  thinnest  in  the  centre ;  bi-concave,  plano- 
concave, or  concavo-convt  x,  with  a  deep  concavity:  a  plane- 
fronted  beam  of  light  after 
transmission  diverges  so  as 
to  seem  to  come  from  a  Vir- 
tual Focus  on  the  same  side 
ol  the  lens  as  the  source  of 
light  itself. 

Fig.  169  shows  these 
different  forms  and  their 
action  on  a  parallel  beam 
of  li«ht  travelling  from  left 
to  ri 

1  ery  lens  has  a  principal  focus;  this  is  the  point  to  which 
a  parallel  beam  of  rays  is  caused  to  converge,  or  from  which  it  is 
a  1  j-arently  caused  to  converge,  as  the  case  may  b& 

The  distance  of  this  principal  focus  from  the  lens  is  called  /, 
the  Focal  Length  of  the  l 

If  r  and  r  be  the  distance*  of  the  centre*  of  curvature  of  the  rij^lit  and 
left  faces  of  the  lens  Nnecttaol/,  both  distances  being  IDMHUimd  tiom  the 
centre  of  the  lens  positively — that  is,  towards  the  Eight  on  t  ]  1]  line  ; 

and    if   a    1  an    the   rujht,    1,./=  (11  -  1)  (1   r      1   r'), 

where  »is  tii. I  fail 3  oi  ivtiwliou  of  the  lens  in  :iir,  and  /the  pOBUVfl  distance 
of  the  focal  point  to  the  right,  If  /be  found  negative,  then  the  focal  point  is 
to  the  left,  beyond  the  lens,  a  real  EMU  for  ray*  coining  from  the  tight 

This  general  formula  applies  witlm  it  altentfaja  to  1  nicavo-convex  lenses, 
the  convexity  of  which  i*  turned  tomxdfl  tin-  left,  and  lwth  of  whose  centres 
of  curvature  are  therefore  situated  in  a  jmsitive  direction.  In 
lens  r  is  negative,  and  1//=  (n  -  1)  (  -  1 ,  r  -  I  /r*);  in  a  bi-concave  oi 
negative,  and  l/f—  l>»  -  1)  Cl/r  +  t/O;  'n  *  OOPVeW  plune  lens  (convexity  to 
the  left)  r  =  00  ,  and  1  /=  (n  -  1)  (  -  1  ,'r)  ;  in  a  omcavo- plane  lens  (ooflCBl  it  v 
to  the  right)  J  —  00  ,  and  l//»  (n  -  1)  (l/r)-  Hw  a»UWWtan  1  /  measures  the 
increase  of  divergence  produced  by  1  Uttl ;  it  i*  called  its  Power.  In  thin- 
edged  lenses,  which  are  convergent,  it  is  negative  ;  in  thick-edged,  positive. 

Reversibility  of  Lenses. — Let  us  reverse  a  lens.  Then  r  becomes  -  r'; 
/  becomes  -r;   the  value  of  1  /  remain-  unchanged. 

To  find  the  focal  length  of  a  thin-edged  lens,  find  by 
experiment  the  distance  at  which  it  will  make  a  clear  image 
of  the  sun  upon  a  screen :  light  coming  from  the  sun  is  practi- 
cally plane -iron  ted,  and   is  caused  to  conveige  upon  the  principal 
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Lenses,  like  mirrors,  have  Conjugate  Foci  at  distances 
and  p/t  +  or  —  according  to  their  direction  with  regard  to  tli 
optical  centre  of  the  lens;  rays  coming  from  ;m   object  placed  t 
one  focus  are  caused  to  produce  an  image,  real  or  virtual,  at  tli 
other  focus. 

Convergent  or  thin-edged  lenses  have  their  principal  foa 
distance  and  their  conjugate  foci  (or  distances  of  object  an 
image)  related  according  to  the  formula,  1/p — 1/^=  —  1/f* 

I  lore/  is  as  before  the  focal  distance  for  a  parallel  beaj 
coming  from  the  right :  hut  for  these  lenses  /  has  itself  a  ne 
value,    being   to   the   left,  and   (—  Iff)  in    therefore    numerical! 
positive. 

We  must  adhere  carefully  to  our  convention  as  to  positii 
and  negative  directions.  If  we  attend  merely  to  the  numbers  an 
not  to  the  directions,  the  equation  takes  the  form  l/p-r  l/p,=  1/, 
if  p  and  p  be  found  of  opposite  signs  we  infer  a  virtual,  if  of  tl 
same  sign  a  real  image;  and  this  equation  is  more  easily  appll( 
than  the  former. 

A  beam  comes  from  an  infinite  distance  ;  p  =  oo  ;  then  <pt  m  /•  lig 
converges  really  upon  the  principal  focus.     Conversely,  if  a  beam 
a  source  of  light  at  the  principal  focus,  p=f;  -  • .  pt  =  oo  ;  the  image  is  re* 
bat  ifl  mi  infinite  distance  beyond  the  lens. 

If  the  source  oi*  light  ba  at  a  distance  less  than  infinity,  but  greater  tin 
twin  the  food  length,  die  IflUgB  ia  real,  and  is  on  the  other  aide  of  tin'  ]•  i 
at  a  point  betWOao  tin:  principal  focus  and  a  point  twice  the  focal  leng 
from  the  lens  ;  that  i?,  if  the  object  be  to  the  right  at  a  distance  (2/-f  rf),  tl 
image  is  to  the  left  at  a  distance  -/ (2/+ rf) -?-(/+</)>  which  is  greater  tibj 
/,  less  than  2/.  Conversely,  if  the  object  be  at  a  distance  greater  than  /,  b 
less  than  2/,  the  image  ia  real,  at  a  distance  greater  than  2/ 

If  the  object  be  at  a  distance  2/,  the  image  is  also  at  a  distance  2/,  < 
the  other  side  of  the  lens  ;  for  whrn  the  distance  of  the  object  is  +  (2/+ 
that  of  the  image  is  -f(2f,'f)=  -2/  The  object  and  the  image  are  thi 
equal  in  size. 

Hence  another  method  of  finding  the  focal  length  of  a  thin-edged  lei 
Adjust  an  object,  a  lens,  and  a  screen,  so  that  the  image  on  the  screen 
equal  in  size  to  the  object :  the  screen  and  the  object  are  now  both  aituati 
at  distances  equal  to  2/  from  the  centre  of  the  lens  ;  half  the  distance 
either  of  them  from  the  centre  of  the  Ian  is  the  focal  length. 

If  the  object  l>e  between  the  lend  and  its  principal  focus,  the  rays  a 
not  made  sufficiently  convergent  to  cross  at  any  place  ;  they  seem  to  cod 
from  a  virtual  image  behind  the  principal  vocal-point,  farther  from  the  hi 
than  the  object,  and  therefore  behind  it ;  but  the  virtual  image  rapidly  gaii 
on  the  object  as  the  object  approaches  the  lens. 

As  to  the  inversion  or  erectness  of  the  image  produced  I 
a  thin-edged  lens:  an  object  at  0  (Fig.  170)  produces  a  smalli 
inverted  image,  a  real  image,  at  I,  and  an  eye  placed  beyond 
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— that  is,  at  a  sufficient  distance  from  the  lens — will  perceive  the 
image  of  a  distaut  object,  inverted,  smaller  than  the  object,  and 

Fifr.170, 
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apparently  situated  between  him  and  the  lens;  the  contrary 
being  the  general  impression. 

If,  however,  the  object  be  brought  so  near  the  lens  as  to  lie 
at  a  distauce  bom  the  Isne  teu 
than  the  focal  length,  then  to 
BD  I  ye  situated  at  any  distance   j 
on  the  other  side  of  the  lens  a  [ 
virtual  image  will  be  apparent,  | 
erect,  magnified,  and  more  dis-  ! ' 
taut   than  the  object     Hence   i 
these  lenses  are  commonly  used  i 
as  magnifying  glasses  (Fig.  171).  1 

Divergent  or  thick-edged   ' 
lenses. — The  formula  for  these  is  1//J— 1/^  =  1//. 

Thin  formula  is  essentially  the  same  as  the  preceding  ;  but  in  these  Jensen 
f,  the  focal  distance  for  a  parallel  beam  coming  from  the  right,  is  positive,  to 
the  right,  on  the  same  side  as  the  source,  and  the  image  i»  therefore  virtual. 
If  we  confine  our  attention  to  numbers  only,  the  (annua  for  divergent  lenses 

iBl/p-l/P,=    -I,/. 

When  p  is  of  any  value  >  0,  <oo  ,  pt  i»  less  than/. 

When  p=  +/,  ptm  +i  //  virtual  image  at  half  focal  length. 

If  isjl  fruiii  the  right  inwards  a  point  to  the  left,  at  a  distance 

p,  which  must  he  less  than  /,  the  len*  will  make  them  converge  upon  a 
it  a  greater  negutive  distance  pa  determined  by  making;*  negative  in 
the  above  equation. 

The  focus  of  a  thick-edged  lens  is  most  conveniently  found  by  coupling 
it  with  a  thin  -edged  one,  found  by  trial  among  a  sufficiently  extensive  series, 
M  that  tOgBtha  th<  y  .-hall  produce  no  change  hi  the  apparent  size  of  an 
object  m  through  them. 

As  to  inversion  aud  size  of  image,  rig.in. 

17  2  shows  that  the  image  is 
erect,  diminished,  virtual,  and  nearer 
the  lens  than  the  object  itself;  and, 
since  there  is  no  subsequent  cross- 
ing of  the  rays  beyond  the  lens,  ♦ 
there  is  DO  inversion  of  the  image. 
Lenses  of  this  kind  may  bfl  used  as  diminishing  glasses. 
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For  .Mini    purposes  flexible  lenses  may  be  used  in  which  tin.-  mrvatui 
may  be  slightly  rafted.     Cuseo's  ophthalmoscopic  lens  consists  of  two  piece 
iver-glw  fixed  in  a  frame  :   water  nils  the  cavity  betwee 
them  ;  liv  forcing  more  or  less  water  into  the  cavity  the  curvature  i 
varied. 

Even  when  monochromatic  light  is  transmitted  through  lense 
the  focussing  can  never  be  caul!  if  their  surfaces  be  spherica] 
each  point  of  an  extended  object  forms  a  slightly-blurred  image 
this  effect  can  be  reduced  somewhat  by  the  use  of  diaphragm. 
which  cut  off  the  external  parts  of  broad  beams  of  light,  and  thn 
diminish  the  Spherical  Aberration  of  the  lens  (as  in  the  pup 
of  the  eye),  but  it  can  only  be  brought  to  a  minimum  by  modify 
ing  the  curvature  of  the  lenses  used.  Some  lenses  are  so  curve 
as  to  bring  all  the  points  of  an  extended  image  into  the  same  plan 
and  thus  to  produce  a  Hat  field ;  others  to  bring  points  differin 
in  distance  to  foci  which  differ  very  little  from  one  another,  an 
thus  to  secure  penetration.  The  calculation  of  the  various  curvet 
surfaces  necessary  for  these  ends  often  involves  considerab! 
mathematical  skill. 

Gauss's  Method  of  treating  Lens-problems. — It  is  not  possibl 
owing  to  considerations  of  space,  to  follow  up  the  subject  of  Geometric 
Optics  which,  after  all,  is  not  a  part  of  Physio.  Yet  a  few  words  on  Qaust 
method  niuy  perhaps  induce  the  reader  to  extend  his  studies  into  this  regU 
of  Applied  Mathematics. 

Gauss  found  that  every  possible  system  of  lenses  could,  if  well-centre 
be  reduced  toe  region  oi  space  tobi  traversed  L>  the  incident  light,  and  pr 
eenting  six  characteri.-iir  OJ  Cardinal  Points,  ranged  along  the  axis  of  tl 
system.     These  are  (1)  Incidental  Focus ,  tional  Focus;  (3)  Inddaal 

Principal  Point;  (4)  Refractional  Principal  Point;  (5)  Incidental  Nod 
Point;  (6)  Refractional  Nodal  Point.  These  are  reciprocal,  so  that  (1)  b 
comes  (2)  and  vice  versa  when  the  dire  Lion  (,f  th<-  my*  Is  ravened. 

All  rays  proceeding  from  (1)  become  Kfter  refraction  parullel  to  eaal 
and  to  the  axis  ;  all  pai  i  iys  parallel  to  the  axis  of  the  syste 

pass  through  (2).     An  object  at  (3)  or  in  the  same  plane  (at  right  angles 
the  axis  of  the  system)  with  it  fornix  an  equal  and  erect  image  at  (4)  or 
the  same  plane  with  it :  there  are  only  two  mob  points.      Any  ray  apparent 
making  fur  (5) before  refi  efraotion  parallel  to  \l#  formei 

hut.  appears  to  be  coming  from  (6) :  there  are  only  two  such  points.  Tl 
distance  (1,  3;  dental  Principal  Focal  Distance  ;  (2,  4)  u  the  Refill 

tional  Principal  Focal  Distance. 

These  six  points,  all  in  the  same  line,  are  closely  related.  The  distan 
(l,  B)  b  efnal  to  the  distance  (2,  4} ;  and  (6,  2)  =  (1,  3).  Therefore  (3, 
-  (4,  6)  -  (1,  3)  -  (2,  4)  |  imd  (8,  4)  =  (5,  6).  Further,  if  p  be  t! 
relation  of  the  index  of  refraction  of  the  medium  nearer  the  eource  to  ti 
of  tin-  medium  beyond  the  len-  (1,  3j  =  fj.  (2,  4)  ;  in  the  esse  of  a  lens 
air  these  two  principal  focal  distances  are  equal,  and  further,  (3)  coincid 
with  (5),  and  (4)  with  (6). 
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Planes  passing  through  (l)  and  (2)  at  right  angles  to  the  axis  of  the 
ii  are  culled  its  Focal  Planes. 

Rays  diverging  from  a  point  in  ona  of  these  focal  planes  (of  which  rays 
one  might  be  towards  the  corresponding  nodal  point)  emerge  parallel  to  one 

ihc  ray  from  the  .livergence-point  to  the  coi i 
nodal  point  would  have  ami  lei  to  it*  original  direction,  all  the 

rays  must  necessarily  i  trail  el  to  the  original  direction  "I  that   my. 

Thus  they  retain  parallelism  with  thai  ray,  the  direction  of  win.  h   It,  on  its 
emergence,  dctenum 

Kays  parallel  in  tli  !inm  comrerge  on  a  point  in  the  second  focal 

plane.     That  ray  which  travels  towards  (5)  emerges  as  if  it  had  come  from 
(6)  parallel  to  ita  former  000X86,      Heme  I  line  drawn  from  (6)  Twrullcl  to 
the   originally   parallel    riv-    will    cut    t li*-   ISOO&d    food    pl-re-    ia   I    I 
I mint,  j  towdl  that  point  in  the  nooild    focal   plane  all  the  rayi 
]«arallel,  must  converge. 

Tie  QftoWl  BWthod  (f,»r  which  BM  bil  QoBtUtd  WMu,  QTj  En  ID 

elemen  d,   Helinholtrfi  PApi  ',  and  Cleik  Mawell,  Qu. 

J.  Mathrm.,  1858,  p.  233;  or  Peiidlebnry,  Lenses  and  Lens-Systems)  i- 
speak,  the  identiuV.it.  km  pi  iB  incident  lot  "1  ray*  01  thin/  cross  the  Jin' 
Plane;  the  rajB  are  :'  until  thoj  anive  at  ih.   BOOOSld  plane;  from 

the  date  tli  l'se.piciit  course  can   be  ascertained.      Hatha- 

1  dilliculties  are  thus  miuimi-ed,  for  the  problem  bocomOl  mainly  OHO 
of  finding  these  cardinal  jioints  for  a  lens-system  of  any  given  form  and  of 
any  degree  of  complexity. 

The  accompanying  diagram  (Kg,  172a)  may  NTV1  to  illusti  &  thod 

as  applied  to  a  biconvex  lens:  in  this  case  the  focal  distances  are  equal  and 
the  principal  point*,  which  coincide  with  tic  ihin  the  lens. 


i*  on  ti  .«  on  «j 


Fif.  172a. 


If  we  represent  the  distance  between  the  object  and  the  incident  principal 
plane  by  p,  between  the  refractional  principal  plane  and  the  image  by  /',,  and 
ii.  ij».il  focal  distance  hy  F  ;  if  r  be,  as  before,  the  radius  of  the  right- 
hiadj  and  r'  the  ndil  left-hand  surface  of  the  lens,  aud  d  its  thick- 

neae  at  ita  centre  ;  and  il  a  of  refraction  of  the  medium  sur- 

rounding the  lens,  and  n'  that  of  the  lens  itself  ;  then  we  have,  giving  each 
ty   its   proper   .sign,    1  /»+l/p,»  1/F,  where  F=  -  nnVr-S-  {(«'  — n) 
[n'(r  -  r)  +  (■>  -  »)  <*]}  .     Tlie  •  n  each  principal  point  ami  the 

corresponding  surface  of  the  lens  is   for  the  incidental   surface  and  point, 
nd/jn'i r  -  r')  +  (V  -  ♦<)<  for  the  emergent  -  mlr  n'(r-  7]  +  i 
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Chromatic  Aberration.  —  When  mixed  coloured-light  is 
passed  through  a  thin-edged  lens,  violet  light  is  most  refracted, 
anil  comes  to  a  focus  sooner  than  the  red  rays  do ;  beyond  the 
red  focus  is  the  heat-focus  ;  between  the  violet  focus  and  the  lens 
is  the  region  of  the  photographic  focus. 

Sinkers  of  photographic  lenses  have  shown  much  skill  in  making  the 
photographic  and  the  visual  focus  coincide  ;  for  special  photographic  work, 
such  as  Rutherford's  lunar  photography,  lenses  have  had  to  be  const ru>  • 
whose  curvature  is  calculated  with  reference  to  the  focus  of  the  highl > 
frangible  actinic  rays  alone  ;  and,  while  nothing  can  be  distinctly  seen  through 
such  lenses,  photographs  of  extraordinary  clearness  have  been  taken  by  tli 
aid. 

If  a  beam  of  white  light  be  passed  through  a  single  con- 
vergent-lens, a  screen  placed  at  the  violet  focus  will  give  an 
image  with  a  red  border — the  red  rays  not  having  yet  converged  ; 
if  it  be  placed  a  little  farther  off,  at  the  red  focus,  the  image  is 
now  surrounded  by  a  violet  border,  for  the  violet  rays  are  already 
divergent  Consequently  no  clear  definition  can  be  obtained  by 
the  use  of  such  simple  lenses,  and  it  is  necessary  to  render  thnu 
Achromatic.  A  biconvex  lens  of  Hint  glass,  more  convergent 
than  is  necessary,  is  coupled  with  a  biconcave  lens  of  crown  glass 
of  proper  curvature  ;  the  latter  destroys  the  dispersion,  by  bringtog 
two  colours  to  the  same  focus,  without  wholly  doing  away  with 
the  deviation;  the  couplet  acts  on  the  whole  as  a  single  lens, 
producing  a  somewhat  smaller  refraction  than  either  of  the  lenses. 
This  arrangement  may  be  seen  in  the  object-glass  of  any  common 
telescope.  For  still  further  accuracy  three,  four,  or  even  a  greater 
number  of  lenses  may  Ins  combined,  by  which  three,  four,  or  more 
colours  are  brought  to  the  same  focus ;  as  in  the  achromatic 
objectives  of  microscopes.  The  most  complex  system  of  lenses 
may  be  reduced,  so  far  as  its  action  upon  light  is  concerned,  to  a 
single  lens,  which  gives  images  of  the  same  size  and  position  as 
the  system  in  question.  Thus  an  achromatic  microscope-objective 
may  be  treated  in  diagrams  as  a  single  lens. 

The  Eye  may  be  ideally  reduced  for  many  purposes  to  a  single  lens  com- 
posed of  aqueous  or  vitreous  humour,  having  its  back  coincident  with  the 

1. 1,  mil  its  anterior  aspect  a  spherical  surface  of  5*1248  mm.  radiux, 
situated  at  its  most  ant-n  r  point  2-3448  mm.  behind  the  actual  anterior 
surface  of  the  cornea.  Such  a  lens  would  refract  incident  Hght|  Mid  bring 
images  of  distant  points  to  a  focus  upon  the  retina  in  the  same  way  as  the 
actual  eye  doe*. 

Rudiunt  Heat  may  be  shown  to  be  reflected  and  refracted  like 
Light  by  concentrating  rays  of  dark  heat  upon  a  thermopile  by 
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means  of  a  lens  or  a  mirror,  or  by  refracting  them  by  means  of 
a  prism  into  a  new  path,  in  the  course  of  which  the  thermopile 
must  somewhere  be  placed  before  it  will  indicate  the  impact  of 
Heat-waves:  by  photography  of  the  infra-red  region  of  the 
spectrum ;  by  Langley's  Bolometer  (p.  663) ;  by  Becquerel's 
Phosphorescence-effect,  p.  468. 


Jnterfeuence. 

Ether-waves  are  capable  of  Enterferenos.  Two  systems  of 
equal  waves  arriving  at  the  same  point  in  opposite  phases  will 
produce  at  that  point  no  effect  either  of  light  or  of  heat  or  of 
photographic  action :  at  that  point  the  ether  will  be  at  rest ;  and 
thus  light  added  to  light  may  produce  darkness.  In  Fig.  75  the 
two  points  A  and  H  are  centres  of  wave-motion,  and  at  the  points 
&,  J'.f,  on  the  screen  MK,  there  is  no  disturbance,  while  at  inter- 
vening points,  a!t  </,  e\  the  amplitude  of  disturbance  is  doubled. 

Interference  of  waves  thus  affects  the   distribution  of  energy 
i      -ystem  of  undulation,  and  such  a  screen  produces  a  system  of 
negative  reflected  waves  from  a',  c't  e\  etc 

Let  us  now  consider  a  monochromatic  beam  of  plane-polarised 
light.  Such  a  beam  may  be  divided  in  two  parts  by  ret! 
from  a  silvered  or  platinum  mirror  beat  in  the  middle  at  an 
angle  very  nearly  equal  to  180°,  or  else  by  refraction  through 
a  biprism,  whose  angle  is  very  nearly  180°.  The  last  case 
is  shown  in  Fig.   173.     S  is  a  source  of  light;  the  light  from  it 
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is  transmitted  through  a  polariser  X  :  it  is  now  a  polarised  beam. 
The  rays  are  received  by  a  convergent  lens,  which  makes  them 
converge  upon  Sv.  In  its  course  it  is  passed  through  a  piece  of 
glass  K,  coloured  red  with  suboxide  of  copper :  it  is  now  to  a 
rough  approximation  monochromatic.  It  is  then  passed  through 
the  hi  prism  P,  which  refracts  it  in  such  a  way  that  it  seems 
to  come  from  two  equal  and  equally-distant  foci  at  S"'  end  S"". 
The  Light  may  then  be  re<  •  ther  on  a  screen,  or  directly  in 

the  observer's  eye  placed  in  the  onward  path  of  the  beam.  A 
series  of  dark  and  I  ringes  will  be  seen  corresponding  to  the 
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;l1  Innate  fringes  of  rest  and  disturbance  of  figure  75.  The  two 
beams  apparently  travelling  from  S"'  and  S""  are  polarised  in  the 
same  plane,  and  any  irregularity  <>f  amplitude  characterising  tin* 
one  is  participated  in  by  the  other.  Hence  they  arc  in  a  position 
to  interfere  fully  and  regularly  with  one  another.  If,  on  the  other 
band,  they  bad  been  polarised  in  planes  at  right  angles  to  one 
another,  they  could  not  have  extinguished  one  another  at  any 
point  When  common  light  is  used,  it  may  he  at  once  filtered 
through  a  piece  of  red  glass  and  then  passed  through  a  convergent 
lens. 

To  procure  monochromatic  light  it  is  better  to  project  a 
spectrum  upon  a  screen  in  which  there  is  a  slit,  and  then,  behind 
the  screen,  to  make  use  of  that  part  of  the  spectrum  whose  light 
falls  upon  and  traverses  the  slit. 

It  U  very  easy  to  procure  a  bright  spot  wind)  may  represent  a  simple 
luminous  point  by  making  a  small  hole  in  a  metal  screen,  and  iu  this  insert- 
ing a  drop  of  glycerine.  This  act?  as  a  powerfully-couveigent  lens,  and  if 
sunlight  be  concentrated  upon  it  there  will  appear  on  the  dark  side  of  the 

Fts.m, 


screen  an  intensely  bright  little  sp<-t  of  light  which  may  be  used  as  a  *■ 
of  light   for  i  mien's;   with  such   a  source  of  light  Fresnel   •Un- 

covered the  laws  of  diffraction.     More  elaborately,  the  same  result  may  be 
cr  attaiueil  by  means  of  the  electric  light  made  to  converge  by  an  achro- 
imitiv-  leni  of  exceedingly  short  focus,  a  high-power  microscopic  objective. 

tWhen  monochromatic  common  light,  proceeding  from  a  luinin- 
ous  point,  is  passed  through  a  hiprism,  its  vibrations  in  finch  of  two 
planes,  at  right  angles  to  one  another,  produce  the  effects  of  inter- 
ference independently  of  one  another,  but  produce  their  respective 
fringes  and  bands  in  coincident  positions  on  the  screen.  When 
mixed  coloured-light  or  whit--  light  is  treated  in  this  way.  the  red 
fringes  do  not  coincide  with  the  violet  fringes ;  the  violet  fringes 
are  more  numerous  than  the  red  fringes,  and  are  closer  toother. 
This  will  be  understood  from  Fig.  75  ;  if  the  wave-length  be  in- 
creased, the  points  of,  b\  c,  <■/',  /.  must  become  farther  distant  from 
one  another.  A  violet  fringe  is  seen  near  the  axial  line  of  the 
beam;  it  b  overlapped  by  a  blue,  the  blue  by  l  green,  and  so  on  : 
each  coloured  fringe  produced  by  the  interference  of  white  light 
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preseu ts  a  complete  spectrutn.  Tlie  number  of  such  spectra  is 
limited;  at  a  little  distance  from  the  axial  line  of  the  beam  the 
binges  overlap  one  another  so  as  to  produce  what  appears  to  the 
eye  to  be  simply  white  light,  but  the  spectrum  of  which  shows  a 
series  of  alternately  dark  and  light  bauds:  all  the  colours  being 
equally  encroached  upon  by  dark  bonds,  the  result  seems  white. 

A  belli  minor  us»-.l  instead  of  n  bipriam  prodiuv-,  1  •,  r. •tli.-xion  of  white- 
light  upon  a  screen,  Alternate  fringes  of  white  tight  and  darkness. 

Measurement  of  Wave-length. — If  B^S"*  be  the  apparent  pa  ; 
of  the  two  il  urirs  nf  light,  which  must  be  monochromatic  ; 

N*  the  paction  of  the  central  fringe,  Qlnmfnated  by  the  |omt  letton  of  S'"  and 
■  St;  N'   the  position  of,  say,  the  fourth  hright 
fringe;   S" "N"  i*  shorter  than  S""N"  1>y  four  wave-lengths  ;    tin's  difference 
il  very  nearly  equal  to  |    NN"  X  *"  X""  *  AX  J-  =  NfH*  x  2  tan  t". 


Ftf,176. 


rf 


The  angle  2i  can  be  ttOPSUwd  with  n  ;  the  distance  NN'  can 

t>e  IIWHind  with  a  micrometer;  th«-  ratal  of  Hie  four  wave-lengths,  and 
therefore  of  one  wave-length,  ran  be  determined  from  these  data. 

Fig.  75  shows  that  the  lino  of  propagation  of  then  fringes  in  space  is 
«  the  foci  of  Ulflie  hyperbolas,  being  the  two  apparent  sources. 

If  the  light  from  one  of  tin:  sources  be  retarded  by  being 
made  to  pass  through  a  layer  of  a  substance  in  which  light 
travels  more  slowly  than  in  air,  the  whole  of  the  fringes  will  Ikj 
shifted  BOflMffl  the  side  on  which  the  retardation  takes 

From  the  amount  of  this  shifting  may  be  calculated  the 
amount    of    retardation  ;    and    by    means    of    this    tin*    relative 
velocities  of  light  in  (and  therefore  the  refractive  indices  of) 
things  as  hot  air,  cold  air.  hydrogen  gas,  normal  glass,  compressed 
glass,  compressed  liquids,  and  so  forth,  may  be  estimated. 

Colours  of  thin  films. — Thin  films  of  transparent  substances, 
such  as  oil  upon  the  surface  of  water,  iron  oxide  upon  the  sur- 
face of  tempered  steel,  oxides  deposited  upon  metals  by  the 
galvanic  battery,  sua]'  bubbles,  glass  blown  out  to  an  e.\i 
tenuity  or  exfoliating  under  the  influence  of  slow  decomposition, 
present  curious  colours  when  shone  upon  by  a  comparatively 
bright  light 

Bud)  fibns  may  he  rendered  permanent ;  a  solution  of  bitumen  nnd  a  Utile 
caoutchouc  in  a  mixtur.-  uf  beSUSBC  and  oU  «•!*  naphtha,  dropped  \i\xm  water, 
forms  films  which  solidify  and  may  be  caused  to  adhere  to  a  sheet  of  {taper. 
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In   Fig.   176  light  from  the  source   S  is  incident  upon   a 
thin   transparent-film   AB  of  uniform   thickness.      A   part   of 
Fl   17tJ  the  light  is  at  once  re!l< ■■  ted  to  \l  from 

tin-  first  surface  of  the  film.  Another 
part  is  refracted  to  K'  after  having 
undergone  one  reflexion  at  the  second 
surface.  If  the  path  of  the  beam  in 
the  film  be  an  MM  *  number  of  half 
wave-lengths,  the  beam  travelling  to  11' 
is  opposed  in  phase  to  that  travelling 
to  B,  and  an  aye  placed  at  Efcltf  (these 
points  being  supposed  very  close  together)  will  receive  no  impres- 
sion of  light ;  or,  rather,  it  will  receive  but  a  feeble  impression, 
for  the  ray  to  H'  cannot  be  quite  equal  in  intensity  to  that 
travelling  to  R.  Again,  an  eye  placed  at  TT'  will  perceive  but 
a  feeble  impression  of  light;  not  absolute  darkness,  for  the  ray  to 
T  is  considerably  more  intense  than  that  to  T',  and  is  not  com- 
pletely neutralised  by  it. 

Let  the  film   be   of   variable    thickness;    a   film  of 
between  a  glass  plate  and   a  biprism,  or  between  a  convex  lens 
Fte.177.  and  a  plate  of  glass,  varies  in  thickness  with  the 

■  ■  distance  from  the  centre ;  iu  the  former  case  the 

jjj|  :=»-  thickness  of  the  film  of  air  varies  as  the  distance, 

in  the  latter  approximately  as  tin-  square  of 
the  distance  from  the  central  point.  Monochromatic  light  re- 
flected from  such  a  system  presents  the  appearance  of  alternately 
dark  and  bright  bands  or  circles — bright  where  the  directly  - 
reflected  light  and  the  light  reflected  from  the  second  surface  of 
the  film  are  similar  in  phase — dark  where  they  are  opposed.  In 
the  case  of  a  lens  pressed  against  a  plate  they  are  known  as 
Newton's  rings.  The  less  the  curvature  of  the  lens  the  greater 
the  distance  between  two  consecutive  rings.  If  mixed  coloured 
or  white  light  be  employed,  the  dark  and  bright  rings  of  the 
several  components  cannot  coincide,  and  the  result  is  a  series  of 
circular  spectra,  in  each  of  which  the  violet  circle  is  the  narrow- 
est. These  spectra  overlap  one  another  at  a  little  distance  from 
i In*  r  litre,  and  blend  into  what  appears  to  the  eye  to  be  whit, 
light. 

•  This  seem*  strange;  wo  might  h.-w  Ujmtod  ■  retardation  of  an  odd  numli 
of  half  wave-length*  to  produce  a  difference  in  phase  of  half  a  period  ;  bat  it  will 
be  remembered  that  the  beam  reflected  at  one  of  the  surfaces  of  the  film— that  sur- 
face, namely,  which  separates  an  optically  denser  from  a  rarer  medium — suffers  a 
loss  of  half  a  waredength,  which  is  independent  of  the  thickness  of  the  til  in. 
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A  ratal  «>f  dark  rin^s  or  fringtl  ma\  bt  obtSUWd  by  rubbing  a  film  of 
soap  OH  lda<k  glim,  drvinj'  it,  and  hivathing  gmtly  upon  MM  pofol  "f  this 
through  a  glass  tune  ;  this,  doM  in  the  sunshine,  gives  rise  to  bright  colourR. 

It  is  not  jiossible  actually  to  obtain  monochromatic  light; 
even  that  emitted  by  incandescent  sodium-vapour,  in  which  some 
five  hundred  rings  can  be  seen,  is  not  quite  monochromatic. 

The  centre  of  Newton's  rings  h  dark  if  there  be  approximate  contact  ; 
perfect  contact  there  never  can  be,  for  a  dustless  surface  it  is  impossible 
obtain  ;  even  when  there  is  no  appreciable  thickness  of  film  traversed,  the 
fvt  that  one  ray  is  reflected  from  the  upper,  and  the  otlu-r  from  the  lower 
muI.  :  tin-  bonding  surface  of  an  optically-dami1  the  other  at 

the  surface  of  an  optically-rarer  medium,  causes  the  one  to  lose,  while  the 
other  does  not  lose,  half  B  wave-length  uii  rifltodot)  J  th'.-y  tl  ffli  bfltOBI 
npposed  in  phase,  and  the  eentn  ll  dark.  If,  however,  l*>th  rellexions  be 
made  to  takt-  plaee  from  the  nufftOS  of  an  uptindly-dni.-rr  medium,  as  in 
Voiuil,'''-  exjsTiment, — in  whieh  light,  travelling  through  a  1-ns  of  crown  glass 
was  ivtlick-  I  tir>*t  froni  the  upper  -nrta.c  of  ■  tilm  of  oil  of  sassafras,  lying 
between  tliat  lens  and  a  plate  of  Hint  glass,  sassafras  bfltog  iutrnae<!iatr.  in 
its  refraetivi'  powet  btl^VBttl  DROWn  and  tlint  glass, — there  ll  no  such  relative 
retardation,  and  the  centre  of  the  system  of  rings  is  bright 

The  Iridescence  of  mother  of  pearl  and  of  objects  with  a 
tint dy -grooved  or  striated  surface,  such  as  butterfly's  scales,  is  an 
effect  of  interference,  fanlight  falls  upon  their  surface;  some  of 
this  is  reflected  from  the  ridges,  some  from  the  grooves,  and  in 
this  way  a  difference  of  path  is  set  up  among  the  reflected  rays, 
which  causes  differences  of  phase  among  them,  and,  in  the  case 
of  some  of  them,  opposition  of  phase  and  extinction.  When  tin- 
incidence  of  the  reflected  light  is  very  oblique,  the  ridges  alone 
may  reflect,  the  differences  of  phase  and  of  path  produced  will  be 
very  small ;  there  will  be  little  iridescence  and  very  considerable 
reflexion. 

The  propagation  of  light  "  in  straight  lines  "  within  the  same 
isotropic  medium  is  itself  a  result  of  interference.  From  it  is 
derired  the  pcwi  iking  a 

geometrical    Shadow.      In    Kg.  n*.™. 

178  a  real  focus  at  F  acts  as 
a  source  of  light.  It  casts  a 
sharply-  defined  shadow  of  an 
object  O  upon  a  screen.  If  the 
source  of  light  be  an  extended 
one,  not  a  mere  ]M>int,  the  shadow 
consists  of  two  regions,  a  central 
umbra  and  a  marginal  penumbra.     In  Fig.  179   the  sun,  S, 
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Bhinea  Upon  the  earth,  E;  the  earth  being  smaller  than  the  sun. 
there  is  formed  a  cone  of  darkness  behind  the  earth  ;  if  the  moon 

^  travel  wholly   or    partially  into 


Fig.m 


iliis  cone  of  shadow,  it  will  be 

wholly    or    partly    unillumined, 

lad  we  luive  a  total  or  a  partial 

p86  of  the  moon. 

But  outside  this  shadow  there 

^^  is  a  penumbral  region,  in  which 

a  body,  at  any  point  of  a  body,  will  be  in  "  half-shadow,"  not 

fully   illuminated,   because  able   only  to  see  a  portion   of  the 

illuminating  body. 

When  light  radiating  from  an  extended  object  passes  through 

a  small  aperture,  the  waves 
arriving  at  the  aperture  from 
the  object  traverse  the  aper- 
ture, and  there  cross  each 
other;  they  then  diverge, 
mid  a  screen  placed  on  the 
opposite  side  of  the  aperture 
receives  an  inverted  image 
of  the  object,  whose  size 
varies  with  the  distance  of 
the  screen,  as  in  the  well-known  Camera  Obscura. 


Fiir.lBO. 


, 


An  aperture  of  no  appreciable  breadth  would,  at  whatever  distance  the 
Ut  be  place- 1,  give  a  perfect  image  in  the  natural  colours,  an 
image  of  which  no  part  would  be  out  of  focus  ;  one  of  ^y-inch  diameter  will 
give  on  a  screen  ut  40  inches  distance  an  image  which,  though  wanting  in 
brightness,  is  as  perfectly  denned  an  image  as  any  possible  lens  placed  it  tin- 
aperture  eta  pro  m  4  ,'„  »iaflh  will  produce  the  sain  too  at 
a  distance  of  250  inches  ;  or,  in  general  (Lord  Raylcigh),  if  A  be  the  ware- 
length,  r  the  gemi-diametcr  of  the  ftpertUTI,  /  the  least  distance  of  gou.l 
definition, /=(2r2/A).  When  the  screen  is  nearer  than  this,  etch  point  of 
the  oliject  makes  an  image  on  the  screen,  which  has  the  same  shape  as  the 
aperture,  and  the  superposition  of  these  makes  a  blurred  image. 

Light  thus  travels  in  straight  lines,  and  is  incapable  of 
passing  round  corners  under  ordiuary  chvu  instances,  and  as 
examined  by  our  ordinary  senses. 

A  closer  examination  of  the  subject  shows,  however,  that  light 
does  to  a  certain  degree  pass  even  round  corners.  The  pheno- 
mena of  Diffraction,  in  which  this  is  observed,  are  explicable  OD 
the  ordinary  principles  of  interference.  Let  S  (Fig.  77)  be  the 
source  of  light;  waves  diverge   from  this  as  a  centre.     These 
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waves  impinge  upon  a  screen  AB.  Fig.  77  shows  tlmt  beyond 
the  screen  AB  there  is  a  series  of  fringes  within  the  geometrical 
shadow;  that  even  in  the  part  directly  in  view  of  the  source  of 
tight  there  are  bands  of  relative  darkness  ;  that  the  oentre]  prist 
of  the  sluulmv  may  be  dearly  us  brightly  illuminated  as  if  there 
had  been  no  screen  AB;  that  the  broader  the  object  AB,  the 
narrower  will  be  the  fringes;  that  the  forms  in  space  of  the 
gioofl  of  approximate  darkness  are  byperbolotds ;  while  if  tlie 
source  of  light  be  removed  to  an  infinite  distance,  the  hyperb 
lines  of  relative  rest  in  the  illuminated  region  are  practically 
reduced  to  straight  lines,  but  sweep  past  the  obstacle  without 
touching  it. 

When  the  obstacle  is  circular — a  minute  circle  of  tinfoil 
pasted  on  a  piece  of  clear  glass — the  shadow  cast  upon  a  screen, 
or  received  in  the  eye  directly  or  by  the  aid  of  a  lens  or  telescope 
foeussed  on   the  <  .  is  seen  to  lie  surrounded  by  a  series  of 

dark  and  bri  s;   or,  if  the  light  from  S  be  mixed-eolourrd 

or  white  light,  by  a  series  of  spectra;  while  the  shadow  is  also 
modified  by  a  series  of  such  bauds  or  spectra,  and  its  centre  is 
bright.  A  similar  construction  for  a  little  circular  aperture  in  an 
o|v;u|uc  screen  at  All  will  show  that  the  bright  spot  prodi; 
a  screen  beyond  AB  will  have  fringes  binning  the  sharpness  ol 
its  edges,  and  that  at  certain  distances  of  the  second  screen  from 
AB  the  centre  of  the  bright  spot  will  be  dark. 

When  the  o  or  chink  is  linear  and  parallel-sided,  the 

fringes  or  spectra  are  parallel  to  one  another ;  when  it  is  not  so 
they  assume  a  curved  form;  when  it  is  angular  the  fringes  may 
assume  a  great  variety  of  remarkable  and  beautiful  forms. 

The  phenomenon  of  diffraction  can  be  roughly  observed  by 
looking  at  a  distant  gas-flame,  edge  on,  with  the  half-closed  eyes; 
the  sun  shining  00  the  eye-lashes  will  also  a   similar 

effect ;  the  morning  sun.  shining  on  twigs  of  trees  situated  betw. 
the   sun   and   the  eye,  causes   the  shadows  nf  some  of  them  to 
become  bright  in  the  centre,  and  a  curious  silvery  appearance 
results. 

The  image  of  any  point  seen  through  a  telescope  or  microscope 
has  its  clearness  of  definition  interfered  with  by  the  diffraction  of 
rays  of  tight  round  the  edges  of  the  diaphragm,  or  round  the 
edges  of  the  lens.  This  effect  is  generally  insignificant  in  terres- 
trial telescopes;  it  is  very  noticeable  in  astronofoioal  telescopes, 
where  the  source  of  light,  a  distant  star,  ought  to  appear  n 
to  a  point,  but  is  apparently  enlarged  into   a  perceptible  disc 
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remanded  by  rings;  and  is  the  microscope  it  sets  a  limit  to  the 
powers  attainable,  for  high  powers  involve  small  lenses  and  small 
apertures,  and  these  bring  diffraction  in  their  train. 

If  a  very  large  number  of  equidistant  lines,  some  parallel,  and 
I  parallel  to  each  other  and  at  right  angles  to  the  former,  be 
Riled  upon  glass,  light  issuing  from  a  slit  or  from  the  image  of  a 
slit  will,  if  transmitted  through  this  so-called  Diffraction-grating, 
and  received  upon  a  screen  or  in  the  eye,  be  found  to  be  resolved 
into  a  central  bright  image  (if  the  slit,  on  each  side  of  which  is 
a  dark  space,  and  then  a  series  of  successive  spectra,  separate* I  by 
dark  spaces ;  these  spectra  have  their  violet  ends  turned  towards 
the  central  bright  image  By  multiplying  the  number  of  lines 
in  the  Diffraction  -grating,  as  in  Prof.  Rowland's  new  gratings, 
\\\\'u'h  have  43,000  lines  to  the  inch,  the  spectra  may  be  rendered 
almost  perfectly  pure,  so  that  Fraunhofer's  lines  may  be  easily 
seen  in  them. 

A  microscopical  preparation  of  muscular  tissue  will  often  \m  found  to  act 
as  a  more  or  less  sffid  'turn-grating;  the  etriations  of  the  muscular 

fibres  take  the  place  of  the  grooves  engraved  on  the  glass.  A  metallic  surface 
in  which  grooves  lm\  v  Lvn  out  will  produce  by  reflexion  a  diffraction-spectrum 
if  the  image  of  a  slit  be  reflected  from  it. 

The  value  of  diffraction-spectra  is  that  the  deviation  in  the 
successive  spectra  depends  directly  upon  the  wave-length ;  then- 
disadvantage  the  mechanical  difficulties  of  uniform  grooving  of 

the  grating. 

If  any  kiwi  of  light  have,  in  air,  the  wave-length  A  centimetres,  and  if 
n  be  the  average  number  of  lines  per  centimetre  engraved  on  the  grating  •, 
ami  if  3  be  the  angular  .l.-vintion  of  any  particular  coloured  light  (or,  better, 
of  any  particular  Fruunhofer  line), — then  Bin  S  is  equal  to  nX  for  the  first 
spectrum,  to  2nA  for  the  second  spectrum,  and  so  forth  ;  and  since  n  and  5 
can  be  measured,  A.  can  be  accurately  found. 

The  Twinkling  of  Stars  is  another  effect  of  interference: 
light*  coming  to  the  eye  from  a  star  so  distant  as  to  be  practically 
a  single  luminous  point,  arrives  in  rays  which  have  traversed 
slightly  unequal  distances  in  an  irregularly-refracting  atmosphere 
and  thus  enter  the  eye  in  invgularly-uneirual  phases.  Now  one 
colour  is  extinguished,  now  another ;  the  eye  perceives  coloured 
light  complementary  to  that  momentarily  lost.  No  two  persons 
can,  as  a  rule,  see  any  star  twinkling  in  precisely  the  same 
maimer.  The  planets  twinkle  only  at  their  edges:  their  discs 
present  many  points  or  sources  of  light,  whose  scintillation 
the  whole,  mask  one  another. 
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If  a  planet  and  a  t«  inkling  star — say  Jupiter  ami  Sirius — be  *ev. 
looked  at  through  an  "pera-ghuHJ  which  is  raphllv  whirled   AOEOSI  the  field  of 
view,  the  image  of  tin*   planet  will  appear  t-i  Im-  drawn  nut  Into  •>  •  "Utinuon* 
streak,  while  that  of  the  star  will  be  broken  on  i  in  of  'Mi'-Min!ry- 

bright  and  differently-coloured  spot*  of  light 

The  colours  of  light  from  a  bright  point  twinkling  through  a  duMy  base, 
or  shining  through  a  piece  of  glass  covered  with  lycop«Hlium  ;  the  C 
(red  externally)  which  sun  •  moon  as  it  ihinai  through  an  atmos- 

phere charged  with  particles  of  condensed  aqueous  vapour  ;  the  coloureil 
rings  seen  when  particles  float  in  the  vitreous  humour  of  the  eye, — these  are 
all  different  ditFractive  effects  of  interference  |  and  the  smaller  the  litt  of 
the  particles  which  produce  them,  the  greater  the  breadth  of  the  coloured 
rings.     Each  particle  acts  as  a  ,  i  ipaque  small  screen. 

The  interference  of  Actinic  Rays  may  be  shown  by  photography; 
of  Dark  Heat,  by  passing  a  delicate  Thermopile,  a  Tasimeter  (p. 
582),  or  a  Bolometer  (Laugley's  Thermic  Balance,  p.  603)  tin 
an  invisible  ditfraction-fringe  system  of  dark  heat-waves,  obtained 
by  treating  rays  of  dark  beat  with  a  bent  mirror  or  a  biprism  ; 
under  these  circumstances  the  instrument  employed  will  «l  1  in- 
nately indicate  and  cease  to  indicate  the  impact  of  hent-wa 


1  loruLK  Refraction. 

If  a  transparent  medium  have  the  same  properties  in  all 
'iiivi lions  it  is  homogeneous,  or.  Optically,  isotropic.  A  wave  of 
mechanical  disturbance  starting  from  a  single  point  of  disturb- 
ance in  it  will  be  spherical.  The  properties  of  the  etbei  -waves 
within  transparent  substances  are,  in  some  fashion,  correlated  with 
the  molecular  structure  of  the  substance,  and  thus  the  ether-waves 
propagated  from  centres  within  homogeneous  or  isotropic  sub- 
stances are  themselves  also  spherical. 

Substances  in  which  the  propagation  of  light  is  in  spherical  waves  are 
either  amorphous,  or  else  belong  to  the  cubical  system  of  crystal*,  the  i 
in  which  the  three  crystallographic  axes  of  the  crystal  arc  equal. 

In   some  .crystalline  substances  one  of  the   crystallography- 

axes  differs  from  the  other  two ;  the  crystal  is  then  symmetrical 

ttrenee   to  this   axis   only,  and  is  said  to  be   uniaxial.     A 

mechanical  disturbance   is   propagated  in  such  a  •  in  the 

form  of  an  ellipsoid. 

A  slice  cut  out  of  such  a  crystal  in  such  a  way  that  its  sides 
are  parallel  to  this  principal  axi  d  to  have  beta  cut  parallel 

to  the  Principal  Section  of  the  crystal* 
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The  propagation  of  an  ether-wave  in  a  uniaxial  crystal  is 
peculiar.     Fig.   181  shows  au  equal-sided  rhombohedron  cutout 

of  a  crystal  of  Iceland 
spar  by  splitting  it 
along  its  natural  cleav- 
age -  planes  ;  its  axis 
AB  joins  the  opposite 
obtuse -angles.  Let  a 
point  C  on  this  axis 
be  a  centre  of  optical 
disturbance.  Then  two 
ii trie  sets  of  waves  are  produced ;  the  one  spherical,  the  other 
ellipsoidal ;  one  of  the  axes  of  the  ellipsoid  coincides  with  the 
axis  of  the  crystal,  and  is  equal  for  a  given  interval  of  time  to  the 
diameter  of  the  sphere  developed  in  an  equal  time  ;  tin-  "tie. 0 
two  axes,  which,  to  avoid  circumlocution,  we  shall  here  call  the 
extraordinary  axes,  are  equal  to  one  another,  and  are  either  longer 
or  shorter  than  the  former,  according  to  the  nature  of  the  crystal. 
The  next  question  is, — Which  part  of  a  general  disturbance  at  C  is 
propagated  in  the  spherical,  and  which  in  the  ellipsoidal  wave  ? 

It  may  roughly  be  stated  tliut  just  as  we  have  seen  beam 
polarised  light  differently  affected  by  simple  reflexion  and  refrac- 
tion according  to  the  plane  of  their  polarisation,  so  in  double 
refraction  the  behaviour  of  a  beam  of  light  depends  upon  its  state 
Of  polarisation. 

Qn  referring  to  Fig.  5(J  we  find  that  the  construction  there 
given  for  the  course  of  a  refracted  plane-fronted  wave  may  be 
reduced  to   the  f  construction  (due  to  Huyghei 

single  ray  refracted  at  the  surface  of  an  ordinary  isotropic  medium. 
All  is  an  incident   ray  travelling  through  the  medium  M  ;   <   l»  a 

circular    arc,   drawn    from 


Flf.132. 
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centre  B,  with  radius  pro- 
portionate  to  the  vel 
of  light  in  the  medium  M. 
Continue  the  arc  COD  into 
the  second  medium  M' ; 
produce  AB  until  it  cnt8 
that  arc  in  K  ;  from  E  draw 
a  tangent  line  (or  plane)  cut- 
ting the  refracting  surface  in 


T.    From  B  as  centre  draw  a  semicircular  arc  in  the  sc  ■  ■dium 

M',  with  a  radius  proportionate  to  the  velocity  of  light  in  M'.   From 
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T  draw  a  tBOg0Bt  to  this  arc  ;  the  tangent  touches  the  arc  at  B' ; 
join  1>1Y.      15B'  is  the  course  of  the  refracted  ray  (Fig.  1  82). 

A  series  of  somewhat  similar  constructions  will  enable  us  to 
study  a  certaiu  number  of  cases  of  double  refraction. 

Suppose  a  block  to  be  cut  out  of  a  doubly -refracting  crystal 
in  such  a  way  that  OOfl  of  its  oat  surfaces  is  parallel  to  the  axis ; 
and  suppose  an  incident  beam  to  fall  upon  that  surface  in  B 
direction  at  right  angles  to  the  axis.  Fig.  183  shows  that  if  GH 
represent  such   a  block,  and   if       Fiff.iss. 

the    incident    beam    l>e    in    the      \^        ^ ^         »Axfcj 

plane  of  Lin-  paper,  tin:  axis 
in  such  a  case  looked  at  end-on  ■ 
and  then  we  find  that  the  im  i- 
ided  into  two 
parts,  which  travel  at  different 
rates,  the  slower  one,  BO,  in 
ih.  ..iiiud  sphere,  the  more 
rapid    one,    BE,    in    the    outer 


ellipsoid,  which,  looked    at   in    this  Ripeot)  has  I  cireulai   seiLon; 

the  former,  BO,  the  Ordinary  Ray   (which  obeys  the  ordinary 

law  sin  i  =  n  sin  r),  more  refracted  than  the  latter,  I'»K,  the 
Extraordinary  Ray.  Both  these  rays  are  in  this  case  in  the 
plane  «»f  the  paper,  like  the  original  incident-ray.  The  relative 
radii  of  the  two  circles  may  be  found  from  the  respective  amounts 
of  refraction  of  the  two  rays  at  this  kind  of  incidence. 

For  the  light  emitted  by  ndxom-vipoar,  tba  otdSoarj  indn  asd  the 

extraordinary  index  of  Iceland  spar  are  ly  1-05850  and  1*48635; 

the  reciprocals  of  these  numbers  represent    the    rclutiw    u-lvi  itie*   of  the 
ordinary  and  the  extraordinary  rays  in  Iceland  spar  as  compared  with  that 
I  it  in  air,  thil  being  reckoned  as  unity.     In  such  crystals  as  those  of 
Iceland  spar  the  ordinary  ray  is  more  retarded  than  the  extraordinary. 

Let  us  now  turn  the  block        fi*.m4.  s 

of  spar  round  so   that  its  axis 
is  brought  into  the  plane  I 
paper — that  is,  into  the  same 
plane  with  the  incident  light; 

incident  light  now  travels 
in  a  principal  station  of  the 
crystal  One  of  the 
ordinary  axes  of  the  ellipsoid, 
being  at  right  angles  to  the 
axis  of  the  crystal,  is  at  right  angles  to  the  refracting  surface  ; 
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its  semi-axis,  BF  in  the  sectional  figure  (Fig.  184),  bears  to  the 
radius  of  the  circle  the  ratio  of  1-6585(1  to  1-48635  if  tin 
use<l  be  that  emitted  by  sodium- vapour. 

If  the  Mock  of  spar  be  cut  by  a  plane  at  right  angles  to  the 
principal   sections,  but  not   parallel    to   the   axis,  wo   obtain   the 

result  shown   in  Fig.  185. 


The  incident  light  is  in 
the  plane  of  the  paper . 
the  axis  of  the  crystal  is 
also  in  the  plane  of  the 
paper. 

When  the  surface  which 
receives  the  incident  beam 
has  been  cut  at  right  angles 
t«.  t lu*  axis,  and  the  light 
falls  upon  it  normally  (that 
is,  at  right  angles  to  the 
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Surface  or  parallel  to  the  axis),  there  is  no  double  refraction  ;   the 
ordinary  and  the  extraordinary  rays  coinci 

A  parallel -sided  slice  of  Iceland  spar  cut  in  any  other 
direction  than  at  right  angles  to  the  axis  will  divide  an  incident 
ray  into  an  ordinary  and  an  extraordinary  my,  as  in  Fig.  186 

(except  in  the  case  in  which  one  of 
the  rays  is  so  refracted  as  to  become 
parallel  with  the  axis,  in  which  case 
the  other  ray  coincides  with  it) ;  and 
thus  an  observer  at  A  will  see  two 
images  of  a  spot  at  B :  while  if  he  turn  the  slice  round,  the 
extraordinary  image  will  rotate  round  the  ordinary  one.  This 
can  be  readily  observed  with  an  ordinary  crystal  of  Iceland  spar. 
Light  striking  on  a  plate  or  a  common  crystal  of  Iceland 
spar  is  thus  split  into  two  rays,  and  a  single  point  or  a  page  of 
print  looked  at  through  such  a  crystal  gives 
a  double  image  Conversely,  a  pair  of  points, 
0,  D,  if  looked  at  by  an  observer  at  A,  will 
have  their  images  blended,  and  by  finding  for 
various  distances  between  C  and  I)  the  angle 
ABE,  at  which  these  points  appear  to  blend,  the  two  refr-.i 
indices  may  be  found :  the  rays  CB,  DB,  and  BA  being  caused 
to  lie  all  in  a  principal  section  of  the  crystal. 

"\Vheu  the  incident  ray  is  oblique  to  the  principal  section,  the  extra- 
ordinary ray  ia  no  longer  in  the  aame   plana  with  the   incident  an«l  the 
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I  ry  refract  Ida:  the  tangent 

plane  to  the  ell'  DOl  touch  it  iti  the  nhn 

The  above  ligures  an  drawn  foi  crystals  such  as  Icelni 

emerald,  mica,  ruby,  sapphire!,  tourmalin',  the  ordinary 
index  of  refraction  of  which  is  greats*  than  the  extraordinary, 
and  in  v.  e  ardinaiy  r  •  more  slowly  Limn  0m 

■ordinary,  and  lies  between  the  extraordinary  ray  and  the 
axil ;  such  crystals  are  called  Negative  Crystals.  In  others, 
such  OS    ice,  quartz.  1- 0  lies   between 

the  on li nary  ray  and  the  axis;  such  crystals  are  called  Positive 
Crystals.      In   the  latter,  the  extraordinary  axes  of  the  ell 

arc  ehoraw  than  fibs  diameter  of  t9  bleb  thus  bug 

the  ellipsoid  :  the  extraordinary  in»l**x  of  refaction  fa  in  them 
greater  than  -iary  Index 

The  two  rays,  the  ordinary  and  the  extraordinary,  arc  found 
to  be  polarised  in    plant's   almost  exact!  ht   angles   to  one 

another.     The  ordinary  ray  is  polarised  in  i   plane  contaiu- 
i       both  the  incident  ray  and  the  crystalline  axis. 

If  the  incidence  be  that  of  Fig.  184,  tht   incident  i 

reflected   ray,  and   both  refracted    N  n  the  same  plane,  the 

plane  of  the   paper,  and   the   axis    is    parallel  to  that   plane;  the 
ordinary  ray  is  said  to  U-  polarised  in  that  plane;  light  pol 
in  such  a   plane  of    incidence    i  !  ;.    the    spar   as  an 

ordinary  ray.      The  definition  of   the   plane   of    pol 
terminological  convention;  and  the  n  aa  to  the  relation  of 

the  direction  of  the  vibrations  rdinary  ray,  thus  said  to  be 

polarised  in  that  plane,  to  the  plane  itself,  we  have  already  seen 
to  be  a  question  still  under  discussion.  The  extraordinary  ray, 
when  the  whole  three  rays  thus  travel  in  a  principal  section  of  the 
crystal,  is  found   to  l>e  polari  at  right 

angles  with   the  plane  of  polarisation  of  the  ordinary  ray. 
Th  I  face  of  the  block  of  crystal  may  that  it 

receives  tlie  on! in; 

as   to    transmit    the   one,   but    totally  be   othci 

Nicol's  prisma  long  rhomb  of  I  ai   is  cut  in  this  way, 

and   tin;   portions  are  so  a  da  balsam  that 

common   light  enters   the   Xicol    it   is   divided    into   two    rays,  of 
which    one,  the   Ordinary,  is    totally  reflected  when   it    meets   the 
cemented  surface,  while  the  Extraordinary  ray  is  transru 
and  emerges  (the  faces  of  the  prism  hav  in   order  to 

permit   this,  cut   down   to   the    propet   angle),  Ka   ■ 

;<i  to  that  of  the  Incident  I  Is  arrangement   is 

a  i 
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thus  capable  of  acting  as  a  polariser;  ami  if  polarised  ligfad  l- 
sent  through  it  in  one  rotational  position,  the  Nicol  will  transmit 
!'  wliilr  if  the  N'icol  ba  rotated  through  BO"  id  e&thei 
direction,  on  either  Bids  of  the  most  favourable  position,  it  will 
transmit  none  of  it  It  can  thus  serve  as  a  means  not  only  of 
producing  polarised  light,  hut  also  of  detecting  polarised  light 
of  finding  in  what  plane  it  ia  polarised;  and  when  it  does  this 
duty  it  is  called  an  analyser. 

In  tourmaline  there  is  double  refraction  ;  but  oue  of  the  rays, 
the  ordinary,  is  absorbed,  and   the   extraordinary  alone    passes 
through-     Thus  a  thin   plate  of  tommalint;  acts  as  a  polari.^ 
common  light  incident  upon  it,  and  another  plate  rotating  in  from 
of  it  may  act  as  an  analyser, — a  convenient  arrangement,  wi 
not  that  tourmaline  is  always  dark   in  colour,  and  absorbs  much 
of  the  light  incident  upon  it.      For  this  reason  Nieo 
commonly  used  as  sources  of  polarised  light 

•  i  ystals  of  sulphate  of  iodo-quinine  act  like  tourmaline,  but 
are  useless  because  they  are  dark,  small,  and  brittle. 

We  may  here  recall  the  different  model  of  obtaining  a  beam  of  plane- 
polarised  light 

1.  Kethxion  of  ordinary    light   I  m  at   the  angle  of  complete 

polarisation. 

2.  Transmission  through  a  pile  of  glc  with  parallel  Miles ;  the 

angle  of  incidence  being  the  angL-  of  I "in]dete  polaristtion,  or  an 
angle  approximating  to  it. 

3.  Separation  of  the  ordinary  from  the  extraordinary  r.iv  produced  b* 

double  refraction  ;  this  being  done 
by  tourmaline,  whi.h  BXtfalgDilhtt  tin-  ■  |  .ky  ; 

v  a  Nicol  or  a  Foueault  prism,  which  turns  aside  the  ordinal-; 

Some  crystals,  such  as  topaz  and  arragonite,  have  two  axes, 
Bad  are  called  Biaxial  Crystals:  in  these  the  wave-surface  is  very 
complex,  and  they  have  three  indices  of  refraction. 

In  general,  in  thcH  «r  .v;i\. -i |,,nt  is  oblique  to  the  rays,  and 

then  ■  no  ray  which  obeys  the  ordinary  law  ..f  refr.u  ttOD  that  .-in  i  -  a 
I »ut  that  ray  winch  does  bo  most  nearly  in  general,  rod  which  dOM  a 
l.iilv  wln-n  the   incidence  is  in   one  of  tin-   princi]«ul   tBCtians,  !fl  called  th-- 
ordinal y  my  ;  while  the  other  of  the  two  mys,  int.-  whirh  . 
light  is  divided  on  non-axial    In  ii  Billed  the  •  xtranrdinnry  ra\ 

-uch  arjltab  the  positions  of  the  optic  axes,  which  have  no  neceatt 
to  the  crystallogruphic  axes,  are  variable  ;  they  vary  with  the  tcmj»erature  of 
the  crystal,  and  with  the  kind  of  light  employed  ;  and  in  some  cases  a  crystal 
is  found  to  be  binoxial  for  one,  uniaxial  for  mother  kind  of  light;  Glaobeilta 
of  x.du  sod  lim.),  ft.i  example,  being  binaxial  to  red, 
uniaxial  to  violet  Hgbti 
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When  light  has  passed  through  a  crystal  of  Iceland  spar  and 
Wen  divided  into  an  ordinary  and  an  utnurdinoxy  ray,  if 

caused  to  fall    ujnm  a   second   crystal  v.  s  KN    pantile]    to 

those  of  the  Brat,  the  two  mya  pass  through,  suffering  Da  farther 
division;  the  i  raj  emerging  from   the  first  crystal  is  still 

the  Ordinary  ray  in  the.  second  crystal,  which  acts  like  a  mere  pro- 

<um  of  the  first  It'  the  second  Crystal  be  turned  90°  round 
B  longitudinal  axis  parallel  to  the  line  AB  in  Fi^'.  188,  there  is 
still  no  division  of  the  rays  ;  Fir.iti. 

hut    the     ordinary    u\y    on  - A —  -° 

emergence    from     the     Jirst  _ 

;      'idinaiy 
ray  relative  to  the  second  crystal,  and  ■  such  in  that 

d  ;  and  the  converse  applies  to  the  extraordinary  ray  emerg- 
ing from  the  first  Crystal  If  the  second  crystal  occupy  any 
rotational  position  intermediate  between  these,  each  ray  incident 
On  it  is  decomposed  into  an  ordinary  and  an  extraordinary  ray. 
There  are  thus,  in  the  ordinary  case,  four  images  of  a  bright  point 
seen  through  a  pair  of  crystals  arranged  end  to  end,  at  a  distance 
from  one  another,  and  these  images  Mend   into  two   when   the 

ils  arc,  by  rotation,  placed    parallel  or  at  tight  angles  to  one 

■not] 

Interposed  Lamina, — "When  a  polariscr  and  an  analyser  of 
any  kind  are  arranged  at  right  angles,  so  that  a  plane-fronted 
beam  incident  on  the  system  is  wholly  cut  oil'  or  deflected   by  it, 
an   eve   planed   beyond   the  analyser  can   perceive  no  light;   but 
if  a  thin  him  of  mice,  or  other  double-refracting  subs?: 
uniaxial  or  biaxial,  of  uniform  thickness,  be  caused  to  int. 
between  the  polariser  and  the  analyser,  the  field  may  become 
with   light,   coloured   or  white,  according  to   the  position  of  the 
interposed  film. 

P3g,  189  the  line  AB  represent*  a  pin  to  the  paper,  and 

OUtting  the  ]>aper  in  AB:  we  cull  thi.->  tbfl  '  I  the  plane  AB. 

Then  let  ub  by  any  convenient   mm  produce  a  beam  of  plane  -polarised 

lilted  in  Ehfl  j)l.iii<-  AH,  mid  Ut  us  suppose  this  beam 

to  be  seen  end-on,  travelling  away  from  the  obsen-  Interpose  a  thin 

plate  of  some  birefrin  tSBOe  in  thi  path  of  tlu-  hum  !    !•<  '1  kC  .txis  of 

in  the  plane  CD.     The  beam  AB  is  broken  np  I >y  0n  interposed 

n{..  t.vn  .  out  in  whidi  (hi  plan.-  Of  p'larisition  is  parallel  to  CI 

in  which  it  is  at  rfj  that  plena      The  former  is  truiirinitte<l 

throngfc  ii  i  m  I 

ory.     The  lines,  Oo,  O/,  O 

;>.  ;im.  iii  tin-  rr.ins- 

nnlt.   I  ;.e.''i\ely.     TV  interposed  plate  may  bl  H  thin  that  alti 
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the  incident  Warn  is  divided  into  fcwo  transmitted  beamy  thane  ban 

perceptibly  separated  from  one  another,  and  en  N  are  not  only 

A  parallel,  but  arc  aleo  practically 

incident.     In  a  wide-fi  ontt 

ffl    tllifl    coincidence 

may  he  held  to  be  absolute  ex- 

M  of  the  I 
Though  the  two 

:■  etion,   their   andulfttfonil 

.]<>  not   coincide  in  phaai  ;    in 

poefth  flu-  extraordin- 

aiy,   in    negatii  b    1 1 )  itala  the 

i:  v,  ray   ||   mon 

tli;ui   its  companion.     L 
eonpoee  thai  the  more  re; 

n    wave  length  : 
then  the  result  of  superp 
of  the  two  emergent  raj 
be  a  plane -polarised  h 
similar  to   that   which    had    originally   fallen   BpOO   the   interposed   plate;  if 
half  n  vi  i  (  =  AA)  be  lost,  the  result  will  again  be  an  eona!  plane- 

polarised  Warn,  polarised  in  the  j.lanu  K1V    Fig.  189). 

If,  again,  CD  fflth  AB — that  is,  il   the   principal  plane  of 

ystalKne  plate  be  panHel  to  the  plan'-  of]  a  of  the 

bidden!  Hgjht — there  i*  no  extraordinary  beam.  Of;  and  the  light,  having 

been    transmitted    through   the  interposed  film  as  an  Otdh  ■  mri_. - 

plane-polarised,  as  it  entered.     If,  again,  CD  be  at  ri_  to  AB, 

the  incident  beam  is  wh'.-lly  transmittal  ai  an  extraordinary  ray, and  ••mergee 
POlatiied  in  the  original  plane. 

Let  us  now  suppose  that  CD  is  inclined  to  AB  at  '.">* :  if  one 

•of  the  rays  be  retarded  by  some  even  multiple  of  JA,  the  result  is  plnne- 
polarised  light,  either  polarised  in  the  original  plane  [when  tin-  retardation 
may  be  measured  in  whole  wave-lengths;,  or  in  one  at  right  angl 

(when  the  retardation  u  boom  odd 
numl 

EK'  i;«  at  right  angles  to  AB  when 
/°  CD  inakea  45*  with  it.    Again,  it 

the  retardation  he  some  odd  mul- 
tiple of  LA,  the  extraordii 
« ordinary  rays  a  :  aded  into 

a   circularly -polarised  n- 

;  end  if  the  retardation  be  of 
any  value  other  than  some  mull 
of  a  quarter  wave-b-n^tb,  the  re- 
enlt  is  an  elliptical!  y  polarised 
beam,  the  ellipse  b< 
(0  the  amount  of  retardation, 
one  ofthoee  Indefinitely  numeroue 

ellipses   which    may    l*'.    described 
within  the    rectangle  E»iE7» 
1  B0> 
In  the  general  case,  AB  (Fig.  190)  being  the  plane  of  the  incident  beam. 
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CD  the  principal  section  of  the  interposed  plate,  the  angli  my 

value,  and  Oa,  Oc,  and  Og  being  respectively  thi  unptttndai  of  lb 

I  lent  ray  polarised   in   the   plane  of  AB,  and  of  the  ordinary  uii-i   extra- 
ordinary rays  emergent  (rem  the  Entexpoead  plate;  compounded,  1 1 1  • 
is  an  Elliptically-Polarised  beam,  of  which  the  limits  are  : — 

(a)  A  plane  -  polarised  beam,  whose  plane  of  polarisation  i«.  AB  and 
irhoee  amplitude  is  represented  by  Oa. 
When  ('l>  cornddaa  with  AB. 

(2)  When  CD  is  at  right  angle*  to  AB. 

(3)  Wln'ii   the   relative  retardation  of  ed  and  fg  is  0,  or  an  even 

nil',!'  i|.h-  of  LA. 

(&)  An  eona]  plane-polarised  Warn  whoa  |  asses 

through  KK' ;  tin-  an^lf  A  OF/  bdQg  equal  to  twio-  A0O:  this  is 
tin  result  whrii  the  relatta  nil  in  odd  number  of  half 

wave-lengthe. 

(e)  A  circularly-polarised  beam  when  the  angle  AOC  is  one  of  45*, 
and  the  tardation  ii  101  ultiple  of  \\, 

i  ended  (rotation  contmrj  to  hands  of  n  watch]  when  the 

OOmpOPi  in  0/  loses  (together  with  any  number 

of  whole  tram-length*)  one  quarter  wave  length  or  gains  three 

quarters  relath 

(2)  Left-handed  when  H  i  gaini  ana  qui  Iomi  three. 

Elliptically-polaribed  light  is  produced  in  every  offal  [osition  of 

CD.    Tin    ii  righl  handed  ii  th-  my 

lingo  CD  li  0  and  iA  or  between  aA  and  aA  +  |A  ; 

left  fa  null  .1  if  its  relative  retardation  lie  belflpueu   .'.A  and  Jl  preen 

uA  +  AA  an-1  (w  +  l)  A    ff  the  plana  «"l»  lie  eo  that  tl  othe 

left  <>f  All  (tiu-  ohatrvai  beings  ei  fritiiarto,  mppoeed  to  be  itatkned  near 
the  nuioe  of  light),  these  conditions  of  left-  and  right-  handedness  respecti. 
are  reversed. 

A  plate*  of  refracting  substance  of  .such  a  thiek&eee,  that  when  it  in  inter- 
posed in  tin  path  ad  i  bean  light  of  a  particular  colour, 
with  Eta  principal  notion  at  i               f+4.r>'  to  the  plane  <>f  pohriaittnp)  it 

called  a 
quarter-undulation  pinto. 

Quarter-  undulation  pi  | ;  |  liicV- 

ne*-  ii ch  as  to  cause  a  relative  retardation  of  qoaitar  va?e4engt 

(6)    Where  the  plates  ure  thicker,   bnl  arc   opposed    in   their  action.       In 
Fig.  1 91  two  plates  cut  out  j   are   IttQl 

nUi  I  ii. 
dane  of  the  paparj   1 1  > 

to  the  piper.      incident  light  arri 

i  vidad  by  donl  I  ion  f!T2 

into  iorj'  and  an   extraordinary  ; 

Kinl   plate  bai  its  axis  at  ri.  -  to  the  axil  of  tin 

Rat,  the  cadtnaf]  Dm  bai  pfada  d  in  thw  as  on  extra- 

I ; nut y    ray,   while    ti  -dinary   ray    of   the    former    ]>asses  through 

aa  an  oa  mergence  both  mys  are  parallel  ami  practically 

.    equal  to  I  iced 

I  thin  plate  equal  in  thickness  to  the  between  the  thick  ueeoea 

bl  fcWO  j.hites. 
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When  light,  plane-polarised,  in  totally  relleci<«l  bom  glass,  it  is  fan 
be  elliptically  polarised,  unless  it  liad  been  originally  polarised  in  the  plane 
of  Incidence,  ur  in  a  piano   at   light  an  Reflexion  froiD  metals 

-  ■•;  incidence,    The  tfbiaiofy  movement 
actually  extends  beyoTnl  the  surface  of  the  glass  into  tin;  raivr  B 
yond,  as  may  be  proved  on  bringing  a  second  piece  of  glass  close  to  tin'  totally 
reflecting  surface,  vfaen  interfrrence-colours  will  be  seen.    As  a  result  ol  l  Hi.-. 

nf  phasi's  is  s.-t  up  between  tin?  two  componcnte  In  end 

at  right  ailgjes  t.i  tin-  plain-  of  Incidence)   into   educ  '  ma\ 

be  resolved,    A  simitar  result  ocean  in  metallic  refit  mm  of  the 

light  ]>enetratee  to  a  alight  fleptll  below  Liu-  reflecting  surface.  A  wave  can- 
not ha  cbruptij  changed:  and  during  the  gradual  change  of 
it«  direction,  Lta  phase  becomes  altered  t<>  a  slight 
eztenJ  i  and  this  affect  diflfan  in  amount  according 

to  the  direction  of  vibration  of  the  incident  v. 
When  the  angle  of  incidence  is  such  that  the  d 
ence of  phase «*-t  up  ih  i  A,  two  Buch  total  reflearfous 
would  canverl  a  plena  prdaTfied  ray  into  i  sbeu- 
larly-polarised  one<    If  •>  chomb  of  glass  be  cut  in 
such  a  form  that  a  my  of  light  may  pass  normally 
through  one  tiurfnoo,  ntrike  a  second  surface  at  the 
appropriate  angle  of  incidence,  and  be  there  Mully 
reflected,  strike  the  third  snrncc  at  an  equal  angle, 
and  pass  out  normally  through  a  fourth  surf- 
ray  so  travelling  through  it  will,  on  emergence,  be 
found  to  be  circularly -polarised.     Such  a  rhomb 
is  known  us  a  Freenel's  Rhomb,  and  acU  as  a 
quarter-undulation  plate  for  every  kind  of  light,  while  a  lilm  of  mica,  real  or 
virtual,  can  «mly  act  H  BUBA  towards  light  nf  one  kind. 

If  plane-polarised  light  pass  successively  through  two  similar  quarter- 
undulation  plates,  similarly  placed,  the  emergent  light  is  plane-polari 
a  plane  at  right  angles  to  the  original  plane  of  polarisation;  whereas,  if  the 
two  quarter-undulati"n  plate.*  be  Ogjpoaed  in  Ihefa  action,  the  light  if  n 
by  the  second  to  its  original  plane-polarised  state.  A  second  quarter-undula- 
tion plate  of  known  action  afford.-*  us  a  means  of  distinguishing  right  from 
left-handed  elliptically  or  circularly-jKdarised  light 

The  two  vibration*  which  make  up  the  circular  or  elliptic  vibration  of 
the  ether  in  a  circularly  or  elliptically-polarised  beam  of  light  are  not  in  a 
•  "nlition  to  interfere  with  one  another  on  account  of  their  difference  of 
phase,  because  they  are  executed  in  planes  at  right  angles  to  one  another. 
If  a  beam  OT    elliptindh  |    l.y   an   interposed   lamina   )m 

■1  upon  a  Mrefringenl  prism,  it  \$  spttl  htto  two  parts,  one  an  onlinary 

ray,  the  otln  ■  ami  i-a«li  .if  tin-*-  is  plum    ]"■!  I       |- 

Fig.  193  AB  is  the  plane  ol  original  polarisation,  CD  a  principal  section  of 
the  tnt  i.  EE'  a  principal  section  of  the  analysing  crystal.  Then 

a  plane-polarised  ray  whose  amplitude  is  represented  in  mi  y  the 

line  On,  and  whose  plani  of  polarisation  is  AB,  is  resolved  by  the  interposed 
lamina  into  two,  (>,-  and  <>/.  which  are   upon  emergence   oompounded   b 
plane  or  .an  elliptically  or  circularly-polarised  I  to  their  l 

retardations.      When  this  strike*  the  analyser,  its  componentl  Oe  and  Q/aiv 

Ives  resolved  each  ;  parallel  and  at  ri 

to  KE';  these  ai  •  -ly  (V  and  Oh  from  Oc,  and  -  Of  in  Of. 
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In  the  plan  i  tli.-  plane 

at  right  angles  to  EE'  we  hsfl  flu  filmliau  Oy  and  Oft.     But  Or'  and  -  (k 
differ   in    pllAH  ;    BO   do    O/    and    I'M. 
These  are  therefore  in  a  condition  fur 
interference.     The  ordinary  my, 
ii>_'  through  f  i  li  up 

"f  the   mutual  ly-interferim.'  oompoii- 
.entsCVand  -  Of,oud  Uu  txii  • 
of  Og  and  Oh;  the  effect  of  interfei 
is  to  cause  a  distribution  of  energy  neb 
rdinary  my  gains  or  loses  as 
much  energy  l  .ordinary  loses 

or  gains,  and  thus  the  energies  ol  the 
ordinary  and    the   extraordinary 
ire,  taken  together  equal  i«»  the  energy 
of  tin-  in.nl. -lit  plane-polariatd  ray. 
The  amofial  of  nlai  tardatioa 

caused    by    the    interposition    of    tlie 
doubly- ivfraeting    plat*-,    when    p  i 
ured    in    wave-lengths,   depends    n|mn 
i 'ii : irul.ir  kind  of  Ught  employed. 

when  the  original  pHane-polartaed  light  is  a  white  light,  each  colon? 

obeys  its  own  Qg   in    th»-  ordinary,  is  weak  in   the 

extraordinary  ray,  and  vice  versa;   thus  tin*  extraordinary  ray  and  the  ordinary 
are  coloured,  and  their  colours  are  complementary. 

The  following  arc  the  limiting  eaoei  : — 

1.  Then-  if  no  i-\tra..id'ii;«rv  rav  when — 

(a)  AB,CD,  and  KB*  (Fig.*  193)  c 

(h)  Ai'.  aad  BB1  ooinddo,  and  <T>  h  at  right  angles  to  them 

2.  Tl.  •  ordinary  .11 — 

(a)  LB  ami  CD  .•••ill-  ••:••.  :<u  .  ||  right  an  bam. 

(b)  CD  and  I'J  li',  and  AB  i*  at  right  angles  to  them. 

3.  Tim  :  an  equal  Tor  every  oolong  and  an  tnereCon  white — 

(a)  When  AB  and  ide»andti  -  ±45". 

Wli.n  AB  and  CD  are  at  right  angle.-,  and  the  angle  AOE' = 
±-1  I 

(c)  When  CD  and  [  40    with 

AB. 
(J)  When  AT.  and  CD  are  at  right  angles,  and   EE'  make*  an 
t  4ft"  with  either. 
In  every  other  poaStMQ  the  two  images  are  complementarily  coloured. 

Determination  of  the  character  of  a  Beam  of  Light. — A  crystal 
of  Iceland  8 par  Capable  of  EOtattoB  (DUnd  a  longitudinal  axis  may  be  used  as 
an  analyser,  and  will  be  intervention  of  a  donbly-rvfi 

lamina,  to  determine  the  cli.-u  -  :ht  falling  Upon  it. 

Plane-polarised  light:  as  the  prism   H 
extraordinary  images  appear  and  alternately  wax  and  wane,  disappearing  and 
reappearing.     In  tin-  ublvr.f:.:  ua  is  dispensed  with. 

Elliptic!  ed     light    and    partially-polarised 

light  :  the  two  image*,  never  em'  dtiinat.lv 

.it'  r  and  dimmer. 
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Circularly-polarised  light,  and  natural  light:  the  two  images  do 
not  vary  in  their  relative  intensity  with  the  rotation  of  the  prism  ;  they 

fi.lllilltlr    :  'I. 

iy  ami  <:iivul;irly-pol;iri>ed  li^ht  BB  the  one  hand,  and  common 
light   i  OP   the  other,  are  distinguished  by 

the  respective  anion*  upon  them  of  ■  'jn;uter-midtiliition   plate,  interposed 
between  the  8our»:  uid  the  analyaei  ;  the  former  are  converted  by  this  plate 
light,  the  latter  are  iv>t  ;  md  the  former  then  produce. 
Ofljj  oni  image  in  some  positions  of  the  analyser,  while  the  hitter  always 
produce  t\\<>. 

Colours  produced  by  interposed  film.— When  a  pola riser 
and  an  analyser  an  placed  so  that  the  latter  quenches  the  light 
which  the  format  transmits,  the  interposition  between  them  of  a 
plate  of  mica  or  selenitv.  or  any  other  doubly  refracting  substance, 
will  cause  light  again  to  reach  the  eye,  provided  that  the  principal 
section  of  the  interposed  suhslsmee  is  neither  parallel  nor  at  right 
angles  to  the  principal  sections  either  of  the  polarifler  OX 

In  Fig.  193  above  let  the  angle  AOl  1  •  a  riju  angle  ;  Q-j  ami 

coincide  in   direction  with  All;  Oe  and  (V  with  GH 
angles  to  All.     The  polariser  allows  ab  to  pass  :  the  analyser  cut*  off  all 
components  polarised  in  the  plane  AB  ;  whence  crossed  prisms  produce  per- 
fect darkness. 

l'nt  At  intervention  r.f  the  douuly-refractin  K>lfD8  the  light 

cannot  traverse  the  analyser  into  two  rays,  of  each  of  which  tli 
some  part  th.it  DSD  traverse  that  obstruction.  If  the  doubly- refra*  sting 
substauce  interposed  be  uniform  in  thickness,  the  whole  field  under  crossed 
prisOU  DMOflMI  filled  with  uniform  coloured  light  ;  if  the  polariser,  or  the 
analyser,  or  the  interposed  film,  be  turned  round,  the.  light  first  becomes 
■nd  tin  ii  passes  into  t.h<-  e  iiipleraentary  colour. 

The  colours  produced  by  a  given  film  depend  upon  the  amount 
of  relative  retardation  produced  by  it  in  light  of  each  kind.  This 
depends  upon  (a)  the  substance  of  the  film  and  its  refractive 
indices;  (b)  its  thickness;  (c)  the  inclination  at  which  the  ray 
traversing  it  strikes  it;  (rf)  the  relation  of  its  optic  axis  or  axes 
to  the  plane  of  its  surface. 

"When  an  irregular  film  of  mica  or  selenite,  flaked  off  with  a 
penknife  from  a  large  mass,  is.  interposed  between  crossed  prisms, 
the  eye,  looking  through  the  analyser,  sees  the  darkness  of  crossed 
prisms  transformed  by  tin-  interposition  into  a  series  of  gorgeously 
brilliant  colours ;  and  as  the  analyser  is  turned  round  these  fade 
away  into  whit*  light,  and  reappear  in  complementary  tints.  If 
the  film  be  a  very  thin  wedge,  each  thickness  of  it  produce!  its 
own  colour,  and  a  kind  of  spectrum  is  thus  produced.  A  double 
wedge,  known  under  the  name  of  Babinet's  compensator,  and 
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shown  in  Fig.  1 '.'  1,  aits  lis  a  virtual  liha  of  graded  thi<  I 

gives  a  series  of  fringes  or  spectra.     This  ohromatia  property  "i 

a  doubly-refracting  film  and  an  analyser  may 

l»e  made  use  of  to  detect  polarised  light: 

if  the  light  looked  at  through  such  a  system 

he   wholly  or    even    partially   polarised,   the  LI 

phenomena  of  polarisation-colours  come  into 

view;  and  while,  lor  example,  natural   light 

in  such  a  case  gives  two  nearly  equal  white  images  when  a  crystal 

of  Iceland  spar  is  used  as  .  circular] y-polarised   i 

on  the  other  hand,  gives  two  complementary  colouiv ■  (-images  of 

almost  exactly  equal  intensity — equal,  that  is,  from  the  physical 

point  of  view,  though  to  the  eye  these  coloured  images  may  not 

seem  equally  blight 

When  a  divergent  or  a  convergent  beam  of  white  light  passes 
normally  through  an  interposed  film  cut  at  right  angle*  to  its  axis, 
<ntre  of  the  ordinary  image  »*>  when  the  anah  rallel 

to  the  polariser,  found  to  be  bri  I  colourless,  while  round 

this  there  is  a  series  of  annular  fringes  or  spectra,  the  local 
tints  of  which  depend  upon  the  local  relative  retardations;  the 
whole  being  traversed  by  a  colourless  cross,  whose  branches 
are  parallel,  and  at  right  anglef  to  the  plane  of  |«darisation.  At 
the  same  time,  the  extraordinary  image  presents  the  comple- 
mentary appearances — a  black  centre,  a  black  cross,  and  com- 
pl.-meutary  colours.  When  the  analyse!  is  tamed  round  through 
90°,  so  that  the  ordinary  image  becomes  an  extraordinary 
reverses  its  appearance. 

This  cross  is  really  a  coincidence  of  two  crosses,  one  parallel  and  ft!  right 
angles  to  the  primitive  plane  of  polarisation,  and  the  i  !ltl  and  Rf 

right  angles  to  tin-  principal 

Wan   •   lamina   i-   i  ii 1 1  t  j  ■  ■  ■   I    ft  hose  axis  i.-   not  at   riglii  to  its 

surface,  the  colour-d  (or  i:-"<  hromatic)  lines  are  modified  fa  tbolic 

curves,  or  even  into  lines  nearly  straight ;  but  if  the  axis  be  parallel  I 
surface  of  the  lamina,  Hid  it  the  axis  be  also  parallel  0C  at  right  anglt 1 
original  piano  of  polarisation  of  the  Incident  light,  or  again,  it'  tlif  |m  i 

right  angles  to  that   of  the    ' 

Uisre  i«  no  ooloratl 

Winn  the  lamina  used  has  been  cut  from  a  biaxial  civ-til,  the   bo 
in.it ic  lines  are  converted  into  a  series  of  curves  known  as  lemniscatcs,  and 
the  dark  or  colourless  crosses  ore  represented  \>\  a  pair  i 

The  doubly-refracting  power  "f  a  body  may  be  detected 
when  it  is  placed  between  crossed  prism-,  and  by  this  menus  it  is 
found  that  substances  a 
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refracting  when  they  are  exposed  to  compression,  or  to  dilatation, 
OT  1li'\urc,  or  torsion,  or  vibration  (especially  at  the  nodes),  or  to 
molecular  stress,  as  where  they  are  heated  and  then  suddenly 
cooled,  or  to  electrical   stress;   and  Is  ordinarily   isotropic 

Ixjcome  double-refracting  when  exposed  to  mechanical  stn 
when  they  crystallise  irregularly  or  are  not  homogeneous.  Organic 
tissues  are  by  this  means  for  the  most  part  found  to  be  double- 
refracting,  and  they  seem,  when  placed  between  crossed  prism-;. 
to  shine  by  tin  HI  own  light  against  a  dark  background — a  circum- 
stance favourable  to  definition,  for  there  is  no  diffraction  of  light 
round  the  fibres,  but  practically  of  little  utility,  for  it  is  difficult 
to  get  prisms  of  Iceland  spar  suiHoicutly  clear  to  be  interposed  in 
the  path  of  the  rays  coming  from  a  high-power  objective. 

It  has  been  propose*!  to  make  QM  of  i  dynamomatex  which  metfuiee 

forces   by  the   HfHIIjnfflBOIII   exerted    OB   glial   which    is   intetpoeed   betl 
crossed  priama,  these  compressions  being  estimated   by  the  colour*  produced  : 
the.  greater  the    compression,   the    greater  tin.;   difr-rences  of   phase  set  up 
between  the  ordinary  and  the  extraordinary  rays,  and  the  longer  the  Wi 
that  colour  which  is  cut  out  of  the  emergent  light. 

It  has  also  been  found  that  slices  uf  different  minerala  placed 
crossed  pxittM  net  in  very  characteristic  manners,  and  are  thin,  in  many  cases, 
easily  Identified. 

Andrew-  proposed  as  a  test  for  sodium  to  make  sodium-platinum  chloride, 
which  produces,  when  placed  between  crossed  pii-m-,  edfoim  so  vivid  ami 
characteristic  that  tin:  millionth  part  of  a  grain  of  sodium  can  be  detected  by 
this  means. 

Rotatory  Polarisation. 

When  natural  white light  is  passed  through  a  polariser,  thou  tCXCR 
film  uf  mica  or  selenito  cut  parallel  to  the  axis,  and  lastly,  through  an 
analysing  priam  of  lo.dand  tytOL  it  gfretj  as  we  lmv<-  Been,  two  cidourleea 
images  of  the  source  of  light.  If  now  we  replace  the  mica  or  sclcnitc  by  a 
Mice  of  quartz  cut  parallel  to  the  axis,  the  two  images  produced  are  comple- 
mentarity coloured. 

If  their  light  be  examined  with  a  priam,  it  is  found  tluit  the  spectr  im  el 
the  light  traordinnrv  image  is  lucking  in  a  particular  r. sgie n, "v.  I 

presents  |  dark  hand,  while  that  particular  region  is  bright  In  the  mtdll'lUU 
of  the  ordinary  image.  Further,  M  the  analyser  is  turned  round,  the  dark 
band  in  the  Iptetniin  of  lihl  extra- .rdinary  ray  seems  to  trawl  op  w  down 
the  spectrum  ;  ami  if  the  piece  of  quart*  used  bf  viis  thin,  this  dark  hand 
may  traverse  the  whole  Bpeetnun  while  the  analyser  is  rotated  through  an 

le  of  less  than  180°.  That  oaiticular  kin<l  of  light  which  tfl  absent  in  the 
extraordinary   ray  leaves   the  quart/;  plate  in  a  condition  .ilion  in  a 

plane  parallel  to  the  prim  i]    I         ion  of  the  analyser. 

Each  position  of  the  analyser  cuts  ofTa  distinct  kind  of  tight  in  the  extra- 
ordinary ray  :  henee  light  of  each  colour  must  hav  m  a 
special  plane,  and  the  plena  of  polarisation  of  the  light  incident  npoo  the 
quartz  has  been  routed,  that  of  each  eon              lour  to  i  specific  el 
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Bi«>t  found  that  ft,  tli<-  amount  of  angular  rotation  "I  tbt  plane  of  pel 
tion  of  each  colour,  wa*,  very  roughly,  proportions]  to  the  Bquai 
friMjui'inv,  or  Lnvcrnelj  pi  L  to  the  square  of  A,  the  *t 

maun  showed  thai  tlif  true    l'i\v  in  that  a  =  (A  -r  A2)  +■  (B  4-  A4) :  in  qunrtz. 
for   example  (Stefan),  a  =  [(70701 8/1 0*)  -f-  A*]  +  [(0*1 4983,  101-)  -f-  A4]. 
where  A  in  the  wave-length  in  mm.,  and  a  the  rotation  jmdn 
I  mm.  thick. 

We  liave  seen  that  a  plane-polarised  beam  is  equivalent  to  t %% > •  equal 
and  opposite  droulurly  polw  nut  quart?,  allows  a  righ 

circularly-polarised  beam  to  travel  latter  through  it  khan  B  fa -ft-handed  one  ; 
at  any  (riven  point  the  right-handed  component  i  so  advanced 

in  its  phase  aa  its  left-handed  companion  :  thin  b  equivalent  to  a  rel;, 
gain  of  pluwe  by  the  so-culled  left  fa  mdsd  pffinpfllMWlt  (iM  definition,  p.  477)  ; 
this  causes  the  plane  of  the  plane-polarised  my  gradually  to  turn  to  the  right, 
in  the  same  direction  as  the  hands  of  a  watch  when  the  ray  is  looked  at  from 
behind,  from  polariser  towards  analyser. 

A  piece  of  quartz  1  mm.  thick  thus  turns  the  plane  of  polarisation  of 
\ellow  rays  about   22*;  a   j  it    18-36   mm.    thick    will    turn    than 

through  360°,  for  the  amount  of  rotation  is  proportional  to  the  thiekne!*  of 
the  rotating  medium.  For  the  Fraunhofer  line  B  the  specific  rotatory 
power  .if  quartz  (1  mm.  thick)  is  15*-55  ;  for  Hue  D,  21°-G7  ;  for  line  li,, 
50''98. 

A  substance  which  acts,  in  the  aame  sense  as  quartz  is  said  to  be 
dextro-rotatory  or  positive  ;  one  which,  causing  a  relatively-slow  pro- 
pagation of  right-handed  circularly  -  polarised  light,  rotates  the  plane  of 
polarisation  to  the  left,,  is  laevo-rotatory  or  negative.  This  property  ia 
not  confined  to  crystals.  The  following  list  comprises  a  few  examples  of 
bodies  of  each  kind   — 

Dextro-rotatory. — Some  samples  of  quartz ;  cane  sugar,  grape  10 
1  I    r  ;  many  essential  oils,  such  as  oil  of  orange,  oil  of  caraway  ;  cinchonine, 
quinidine  ;  castor-oil. 

Laevo-rotatory. — Some  samples  of  quart/  ;  oil  of  anise,  oil  of  mist, 
turpi  Ottos.  ;  quinine  ;  sugar  of  fruits,  starch  ;  albumin. 

The   rotatory  DOWafl  of  different  1   by  means  of 

two  Constanta,      (a)  The  real   ipi  ntatory  power  ;  tl 

a  given  colour  or  Fraunhofer  line  produced  by  a  layer  1  mm.  thick  of  the 
substance  itself.  The  symbol  ap  denotes  the  real  rotation  for  theFimmhofei 
lui. 

The  appari-nt    Bpeeififl  rotatory   power,  [a],  for  a   „*iv.m  II 

colour  ([«],..  ti.nt  for  th.-  una  D]  :  the  rotation  produood  by  ■  lafaatanet  b 

state  of  dilution.       It    i-  equal  to  a  tip,  where   a    b  tfaa  observed  n.    « 

the  quaii 'i  peT  gramme  of  Botutkfflj  ;  the  length    of  the 

column  employed,  and  p  it-  •hnsity. 

larent  specifie    rotatory  power  is    ftUghtlj    Inawaatd   by  rise  of 
temperature,  and   modified    by  the  nature   and  proportioi)  of   the  dfluj 

With  tfiaae  variations,  for  <aue  sugar  [««]„  i«  about  67';  f<»r  milk-ugar — 
a-lactoee  80",  /Mactcee  54"*5  ;  for  onrttaUiaed  gray  imgw  in  7  *i«  '   lolutkno 

[a]„  =  52'*89,  in  82'6%  solution  [a]D  =  67°-8. 

A  Dolomo  20  cm.  in  length  .unin^  in  each 

100  cubic  cm.  16*350  grms.  of  cane  sugar,  is  •  :y  power 

to  a  plate              banded  quart/  i  nun.  thick.  This  fact,  cot                 the 
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■hat  the  rotatory  dispersion  for;  mm 

aetli'f  En  i  ins  su^ar  and  ^hieob  :>i  of  solutions  of  sugars 

to  be  ;  1  by  means  of  a  Saccharimeter. 

Essential  oils  are  found  to  retaiu  their  rotatory  power  unimpaired  (due 
llIoVBIlOB  being  made  for  proporttomte  dilution)  when  in  dilute  solution,  or 
even  when  in  the  state  of  vapour,  provided  that  they  undergo  no  ohamktJ 
When  substances  laevo-  or  dextro-  rotatory  are  mixed  with  each 
other  or  with  indifferent  substances,  and  if  there  be  no  chemical  change,  she 
rotatory  ett'ect  of  the  K  Multiplying  the  rotatory  index  of 

etth  substance  by  the  proportion  in  which  it  is  present,  and  finding  the  joint 

I  of  the  components  of  the  mixture  by  a  process  of  simple  addition.  If 
a  rotatory  substance  assume  the  crystalline  form,  its  rotatory  action  is  very 
often  masked  by  double  refraction  :  whence  solids,  such  as  camphor,  are 
generally  beat  examined  in  solution  ;  exceptions  to  this  being  found  in  some 
cases,  Buch  as  those  of  bciuile  and  chlorate  of  soda,  when  tihfl  rotatory  power 
ipon  the  crystalline  structure,  and  in  which  the  crystals  are  generally 
hemihedric,  or,  as  it  were,  distorted  towards  one  side 

Rotatory  polarisation  thm  dot  either  to  crystalline  arrangement  of 
molecules  or  to  the  structure  of  the  DDtitecnlftfl  themselvsi  ;  tad  it  has  been 
shown  (van  t  Hdff)  that  bodies  gifted  with  I  ular  power  of  rotation 

in  their  chemical  graphic  hinuil;-.  a  marked  want  of  symmetry. 

We  are  now  in  a  position  to  onderstand  the  pieces  which  make  up  a 
Soleil's  saccharimeter.      1.  A   N mil's   prism,  achrnmatised  by  a  pro- 
perly ant  m  of  glass  through  wMeb  (Bitted  axta  ray 
passes:  (ha  achromatic  prism  thus  acting  n  •  polariscr  is  so  placed  that  the 
!  by  it  i-               in  a  vertical  plane.* 

•2.  A  donhla-qoans  plal  tarts;  two  teinletaeniar  plates  of  quartz 

joined  by  a  vertical  cement-Une,  and  thui  fonning  a  oircnlar  di  fans 

thickness:  1 1 1 •  -  two  halves  itory  power,  and  their  thiekns 

is  so  adjusted  that  they  r.  deviate  lihrougfa  BO*  in  opposita  db 

tions  the  plane  of  polaristtiou  of  incident  plane- r  fallow  light;   they 

therefore  both  deviate  yellow   light,  incident   upon   theui   and   polarised  in  a 
Vertical  planej  into  the  *miiii«*  horizontal  plane. 

3.   A   Liquid-holder  ;    a  tabs  fitted  with   clear  glass  at  each  end,  in 
which  is  placed  a  layer  of  the  liquid    to  be  examined,  10  centimetres  in 
i«.  such  l»eing  the  distance  between  the  Urminal  glass-plates. 

\    Compensator.      This  is  in   its  effect  a  quarts   plate   of  variable 
okness.     It  consists  of  two  pieces  of  qi  bape.     One  of 

these  can  be  made  to  slip  over  the  other  ;  the  c- 
thickness  is  thus  variable  at  will.  The  amount  of 
movement  can  be  measured  by  mesa  of  a  vernier 
with  the  one  wedge,  and  a  scale  connected 
with  the  other.  When  the  zero  of  the  vernier  eoi 
with  the  zero  of  the  scale,  the  thickne.-s  of  the  joint  system  is  such  that  it 
exactly  a  fcary  eflect  of  one  of  the  halves  of  the  biquartz, 

while  it  doubles  that  of  the  other,  the  effect  being,  In  l*)th  cases,  to  bring 
ight  back  to  the  <n.  1 1   ..  rtkal  plane  of  polarisation. 

<er  :  thil  I  ally  I  NieolV  pri*m. 

6.  A  Len.-  to  1  '1  OB  the  bi(|uartz. 

To  use  the  instrument  : — Fill  the  liquid-holder  with  water,  and  put 
it  in  position  ;  IV  us  the  lens  6  so  as  to  obtain  a  clear  image  of  the  biquartz  ; 
make  the  vernier  and  the  scale  of  the  compensator  to  coincide  ;  ton 
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analyser  round  until  there  is  obBerve<l  to  till  the  field  n  I  hue,  lying 

between  the  red  imd  the.  Um\  end  I  Je  postage  ;  this  DUO  befog 

chosen  out  of  the-  many  which  •  lively  come  into  view,  on  the  j 

that  aa  tin-  iii.-truiiK-nt  is  constructed,  the  appearand  of  this  colour  & 
that  the  principal  section  of  the  anal  i  lie  plane  of  polarisa- 

tion of  the  yellow  ;  if  the  yellow  eonld  hare  passed  through  the  amdyeer  it 
would  have  been  transmitted  n  an  ordinary  ray  :  but  ■  Niool  prism  i  u 
the  ordinary  ray  :  the  yellow  ii  therefore  cut  off ;  bha  eztraordu 
which  alone  passes  through  the  analyser,  is  thus  repiv -nl-  1   in   oo3 
white  daylight,  mintta  it-  bright  yellow  I  the  remain. ta 

:  b  din  lavender  gray,  which,  with  great  sensitiveness,  merges  into 
rad  on  the  one  hand,  or  Into  bine  on  the  other,  when  the  analyser  is  .slightly 
rotated.     Both  I  tarts  plat  eolour,  l>ecause, 

from  them  both,  tin-  yellow  light  I    in  the  same  hoi; 

plane. 

If  now  tin'   water  in  ilia  liquid^tolder  be  •.  the  liquid  to  be 

and  if  that  liquid  have  rotatory  power,  the  two  halves  of  th<  i 
will  'ease  to  appear  of  the  same  colour  :   tin-  liquid  aids  the  rotate 
the  air  Tha  effective  tfrfrlrpfm  of  the 

compensator  i|  now  raried  until  the  i*otatory  effect  of  the  liquid  i-  di 
ise<l :  the  vends]  He  displacement  how  moan  the  thiakneeshai 

increased  or  diminished  !  the  n  of  1 1 1 » -  arbitrary,  bat  l 

temeni  of  one  step  on  the  tsalt  amounts  generally  to  i  difference  of 
one-tenth  of  a  millimetre  in  the  thickness  of  the  quartz  ;  and  as  the  vernier 
Bui  po-iti.  inn  of  tliicknew  of  the  quartz 

found  necessary  to  restore,  the  uuifer  mured 

to  the  hundredth  liraetre,     [f  the  t&iekneso  of  tl  i  have 

to  be  diminished,  the  liquid  hoe  r« .t.ir. >rv  p owi r  -imilnr  to  that  of  the  quartz 
need   in   making   the  compensator;  if  it  hove  to  be  tion  is 

contrary  to  tibai  of  the  quart/..  It  i.n  necessary  to  know  of  what  kind  Bdi 
qunrtz  is  ;  this  being  known,  it  can  be  stated  that  100  mm.  of  the  liquid  are 
equal,  posit  ^lively,  to  so  many  millimetres  of  dextro-rotatory  or 

lajvo-r  i  01  the  case  may  be  i  ftfae 

liquid  can  be  ipeeifted  with  pies&rii 

Thus  a  layer  of  water  10  cm.  tin.  gu  in  BOJ 

in  the  proportion  of  lo  gramme  dent  to  a  thickness  of  342 

mm.  of  right  handed  quartz  :  tin   t!  Compensator 

trtz  would  have  to  be  diminished  by  an  amount  corresponding  to  84'S 
di  of  the  scale  on  the  mterpoeitkni  of  ■  ■ahsttan  "i  that  milwtancc  of 
the  given   thickness  and   the  given  strength  ;  while  it  the  solution  wars 
weaker  or  Btl  be  amount  of  flfciime  of  toicktti  1 1  uartz,  an  shown 

by  the  ■nwnmt  of  dieploceniant  of  she  vernier,  would  be  ■ypowtimateiry  pm- 

.  i meters  in    use,  see   Watt'*   Dictionary  of  Chemistry, 
SuppU  iii.  p.  1198. 


TltANSKulcMATIiiNs    Off    T11K     KNKirt.Y    QJ     KtIIKU-U\ 

We  have  already  seen  ti  ransfanned  ml  nlar 

work  in  the  processes  of  photography,  and  it  is  now  merely  i 
BOry  to   niuark   ilmt   whatever  increases  the  ubsorption  of  light 
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1 1\  ii  set  of  in"'  increases  tin*  dhemicfl]  work  done  by  the 

incident  ether  wavee;  if,  for  example]  a  spectrum  be  cast  upon  a 
plate  prepared  with  collodion  in  which  chlorophyll 
has  been  dissolved,  the  local  of  the  chlorophyll  ausorpLi<m-li;uids 
comes  out  most  strongly  in  the  resultant  photograph  of  the 
spectrum. 

The  impact  of  ether- waves  upon  some  substances  gives  their 
molecules  a  new  arrangement:  selenium  is  thus  so  acted  upon  by 
light  that  it  becomes  a  better  conductor  of  electricity  than  it  is 
in  the  dark;  and  hard  rabbet  is  superficially  acted  upon  by  light, 
so  that  when  tin-  incident  beam  is  intermittent  or  harmonically 
variable  in  intensity,  the  rubber  emits  a  sound  which  reproduces 
in  its  pitch  or  its  complexity  the  peculiarities  of  the  incident 
light 

It  has  bean  proposed  to  call  the  last-mentioned  property  of 
hard  rubber  the  sonorescence  of  that  substance 

As  to  the  mechanical  or  molar  work,  the  pressure  exerted  by  the 
impinging  ether-waves,  though  small,  is  definite.  The  energy  in  one 
onb.  cm.  of  sunlight  ut  the  earth's  surface  is  about  41, 1,000,000 
erg,  and  the  pressure  per  square  cm.  is  about  41/1,000,000  dyne, 
or  roughly  speaking,  about  the  weight  of  a  threepenny-piece  on 
each  acre  of  ground. 

The  mechanical  effect  of  ether-waves  is  rather  to  be  looked 
fox  in  their  heating  effect  than  in  direct  pressure.  They  may 
heat  absorbent  gases,  sucli  as  ammonia,  and  cause  them  to  do 
mechanical  work,  or  to  produce  sound,  if  the  incident  lieam  lie 

rmittent  or  harmonically  variable. 


Optical  Instruments. 

The  Eye,  considered  as  a  simple  lens,  brings  parallel  ray*  incident 
upon  tin"  cornea  to  a  focus  upon  the  retina.  Hence,  when  it  is  at  rest,  as 
when  one  meditatively  contemplates  space,  it  is  adapted  for  vision  of  in- 
finitely-distant ohjeote,  or,  as  the  phrase  goes, it  if  accommodated  for  infill 
To  look  at  natter  object*  requires  an  effort  for  inch — an  cirort  of  acconunp 
lltt£on,  Tins  b  ifleeted  by  increasing  tin-  OOnvezity  of  that  par 
Hint:  Una,  vhial  ll  u<>i mail v  tlitt«-ne<I. 

The  nngft  of  ncooaunodnti  is  provided  by  our  power  of  varying  the  form 
Eb  the  Bene  a*  if  en  erere  provided  with  a  *ot  of  lenses 
of  all  focal  length-  between  infinity  end  ebon  ;i  metres. 

Tin-  eye  uneeii  w<    find  wlien  we  expose  it  to  pevere 

tests.     Its  several  part*  are  not  truly  centn  «l.      Its  surfaces  are  D 
r-yuuiK-trical  IDUnd  an  ;i\i«.      1:  too  long  iu  the  bulb,  BO  tliat  rays  arc 

brought  to  a  focus  before  arriving  at  the  retina,  end  produce,  instead  of  clear 
images  of  the  several  pafntB  of  an  object,  a  numWr  of  overlapping  diffuMim- 
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i    ,  ;i>il  then  li  ODnaeqoenty  produced  ■  blurred  image  «f  the  whole  ; 
this  oond  of  the  eye  of  thick-edged  Keneea,in 

order  somewhat  to  diverge  the  incident  beam.    The  Lull)  may,  on  the  otlni 

hand,  be  too  short,  I  .-nana  are  necessary.     Spherical  aberra- 

tion is  always  present  ;   aii-1  the  images  of  e<puilly-di«tant  colour  -an 

novel  appeal  equally  di.-un-.-t,  for  tli*  in  fbeui  efl  the  nunc  lime. 

The  front  of  the  cornea  has  breejoently  e  tomewhat  i ylindrical  form,  in  con- 
•BOJOenoe   uf  which    horizontal  ami  vertical  obje.t*  do  not  com 
focus.     The  field  of  vision  is  extremely  limited,  and  the  meal  esnsitive  \ 
of  the  retina  is  excentric.      V.t  far  nil  this  we  are  for  (he  moot  B 
to  these  defects;  we  have  the  potrck  of  adjusting  the  eye  with  extaro 
rapidity  for  all  the  parts  of  i  •  been  educated  by 

experience  to  use  both  our  eyes,  and  thus,  by  blending  tin    lapeiBtt  pictures 
provided  by  the  two  eyes,  to  man  ttB  as  to  the  BoHd  form  and  distance 

•i  remote  objects, — a  novel  which  ere  discover  to  have  depended  gnat 
upon  Unoealai  arhon  we  try,  shutting  one  eye,  endd  i  any 

D  object  at  arniV  length,  though  it  can  he  cultiv. 
a*    microscopiats  who   have    long   used   a   monocular,  end  1   a 

t  of  keeping  the  fine  adjustment  in  00000,  find  DO  perspective  advantage 

in  thenaeeCa  btnoeolat  mtooooopa.     With  age  i  of  accommodation 

w.»  ar  object*,  the  4  Bgjht  to  a  focus  iua ; 

and  then,  »n  order  clearly  to  see  DOM  the  aid  of  convergent  lenses 

mmt  i»e  sought. 

The    Microscope. — An   ordinary    thiu- edged  lens  li  called  a   >i 
microscope  or  magnifying  glu.-s.      The  compound  UliciOeeupe  il  Ibnned  of  KB 
objective — a  combination  ol  he  rays  divergent  from 

the  object  into  au  inverted  real  image,  achromatic  and  aplanatie  (•>.,  den 
of  the  efleoti  of  spherical  abemdon.^  in  e  plane  in  ipaoe  between  itself 
the  eyepiece — and  of  i  and,  and  mwToctod 

for  ephairieoJ  and  ohranatk  abemtion,  which  magnifies  this  inverted  real 
image,  and  produces  an  inverted  virtual  image  at  an  apparent  dBetjnoe   B 
the  eye,  not  leas  than  that  of  the  nearest  distinct  vision.     The  reel  fan 
formed  by  th  must  be  the  BJOpil  ,  uh-n  a 

EC)  highly-magiiifyin.  dm  to  ifatOW   thl    P    I     p 

hack  to  the  focus  of  the  eyepiece  the  objective   must   more   oloeel]   approach 

The  rays  from  the  real  fanagB,  inafeeed  of  being  KM 

may,   the   eyepiece  being   removed,  be  allowed   to  diverge   anil  full    u|>on  a 
screen  ;  they  will  there  form  an  image  of  enj  ataa^  irhich  may  hi-  traced  b} 
hand,  if  the  illumination  be  sufficient  ;  if  the  screen  be  a  sensitised  pi 
hie  plate,  a  photograph  may  be  produced. 

In  the  astronomical  telescope  parallel  rays  from  a  distant  slur  are 
md  form  a  small  real  image  ;  this  isexumin  .pie 

achromatic  eyepiece.     The  image  is  inverted  bike  that  in  Che  ope. 

In  the  terrestrial  telescope  r.  parallel  are  ou  verge 

and  form  a  em 

I  by  an  arrangement  of  lenaee  equivalent  to  u  oompoond  iiihtm scope. 

rotmding  objede  pi  ■  don 

pontile  of  mercury  a  one  ol  the  1 1  c  an  otdii 

mi 

In  the  opera  glass  a  con  ddenl  ray-,    -wards 

an  i  -.  meet  a  dive; 
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lens,  which  cAiists  th< -in,  instead  of  converging  towards  a  real  inverted  image, 
M  if  from  a  virtual  erect  image,  as  is  shown  in  Fig.  196.      This 


combination  of  lenses — Galileo's  doublet — is  one  of  the  simplest  and  moat 
fill. 

In  the  ophthalmoscope,  M  BSfld  fof  the  a  of  an  erect  image 

of  the  fundus  of  tli-'  i  ;,r.  i  lu-  j-i  imipli-  of  Galileo's  doublet  is  unmetimti 
utilised.      In  llit-  first  pltM,  Light  II  made  bO  fall  opoO  t hi*  fundus  of  th. 

in!     r  fixed  upon  thi!  forehead  tf 
tin-  obetnw.     The  fundus  is  thus  illuminated  and  becomes  a  source  of  Iij-ht. 

-  from  it  pass  towards   the  ftya   nf  the  obflSnBI  lhr-.ii.di   a  centra]    .  ; 
tare  in  tin-  in : ri  ■>■,-,  I'll!'  the  eye  of  the  observer.     XhftM  ravs  BrOSD 

ih>-  I  ■  ■•  .•  observed  he  myopic,  loo  long  in  the  bulb,  randsnd 

convergent   bj  tia  of  the  obairred  eye  itasM,  sad  ■  fcMd  ien8 

placed  near  the  eye  observed  causes  them  to  enter  the  eye  of  the  observer  as 
if  tiny  had  pii  from  an  enlarged  (Bltet  virtual  image.     The  convergent 

i  dili-o'.-  doublet  is  thus  represented  by  the  observed  | •■.  ■.    [|  |  If,  while 
the  1-  ns   employed   makes  up  the  pair  of   lenses.     If   the 

observed  be  normal,  ami  am  ominoduted  for  an  infinite  distance,  rays  proceed- 
ing bom  any  point  of  ita  retina  emerge  parallel,  and  ■  second  lens  is  not 
absolutely  ueeessary  if  the  observing  eye  be  normal,  for  the  rays  conic  to  a 
focus  on  the  observing  retina,  if  the  observing  eye  be  also  accommodated  for 
infinity  ;  if  the  observed  eye  be  too  short  in  the  bulb  the  rays  are,  on  emerg- 
ence from  it,  ftill  divergent,  imd  in  this  case  a  convex  lens  is  necessary. 

Tin-  ophthalmoscope  may  also  be  used   in  MMft   |   nay  as  to  give  an  in- 
vert..!   image,    n..l    |0    luu/h    EBftgnififtd    H    in    the    j.jvi  .-ding   case,    but    ffl 
•XtSDfttve   In   hi  field,  brighter,  md   more  easy  of  attainment.      A  beam  of 
li_i.  ft. -in   the  mirror  converges  upon  and  passes  through  |  I b RM  , 

it  then  tli  verges  on  its  way  towards  the  eye,  but  i  n  a  thin-edged  i 

ii  I  auses  it  rapidly  to  DOSATftfgB   into  and    thru    to   pass  through    a    f- 
within  the  eye,  ami,  afr  log  this  focus,  to  illuminate  a  wide  IM 

the  fuinln-    -i  ht  bom   the    illuminated   fundus  it*  collected  by 

the  biconvex  lens  before  mentioned,  which   forms  ;i  reft]   Image  ;   the  rays 
from  this  image  pass  on  through  Oil  ftWtttnw   in  the  mirror  ml 
the  obftirfSI,  who  than  jK-rceives  an  inverted  and  magnified  image  of 
fundus  of  the  ev»-, — an  image  which  may  be  still  further  enlarged  by  means 
of  a  second  couv-rgent-lens  placed  behind  the  aperture  of  the  mirror. 


Visual  PttKBHESOV, 

The    retina    is    not  a  uniform  surface,  but  is  made   up  of 
elements    whose    avera-.  ice    from    one    another,    in 

yellow  spot,  is  aljout  '005  mm.      Distant  points  whose  angular 
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distance  is  such  that  their  images  on  the  retina  are  less  than  005 
inm.  from  one  another,  seem  to  blend  into  one,  and  thus  two  st 
wtu  nkz  distance  is  less  than  70",  appear  to  the  eye  as  a 

single  star. 

The  Stimulation  of  nerves  is  associated  with  clu-nne.d  work  in 
the  nerve-ends ;  .mil  this  with  absorption.  In  this  respect  it  IB 
interesting  to  find  that  the  retina,  which  is  particularly  sensitive 
to  yellow  and  green  light)  absorbs  green  and  yellow  light,  and  in 
whit..-  light  appears  purple.  It  lias  been  pointed  out  that  the 
blindness  of  the  eye  to  heat-waves  and  aclinic  waves  is  of  advan- 
tage :  lor  (she  ••!»•■! !•_",■  of  beat -radiation  is  relatively  so  great  that 
everything  would  appear  intensely  bright,  and  our  ordinary  vision 
of  objects  would  be  impossible  if  the  rays  of  dark  heat  were 
visible;  while  if  the  ultra-vioh-t  rays  were  visible,  the  image  of 
every  point  would  be  shrouded  in  a  haze  due  to  chromatic 
aberration. 

It  is  now  the  received  view  that  each  element  of  the  eye 
which  is  broad  enough  to  perceive  white  light  consists  of  three 
ultimate  elements,  each  of  which  is  capable  of  ]  one   of 

three  physiologically-  primary  colours.  All  colour -perceptions, 
infinite  as  these  may  be  in  intensity  and  in  hue,  are  due  to  the 
simultaneous  excitation  of  the  three  sets  of  nerve-ends  by  stimuli 
of  given  absolute  OX  relative  amount.  As  to  what  the  physio- 
logically-primary colours  are,  opinion  is  still  somewhat  divided  : 
red,  green,  and  violet  (Young  and  Helmholtz) ;  vermilion,  emerald 
green,  and  artificial  ultramarine  blue  (Maxwell) ;  red,  green,  and 
Una  (Kick).  Any  three  such  Qoloum  may  be  made  tie-  basis  of 
a  .systematic  classification  of  colours.  When  Orange  tight,  moi 
ebsomatk  or  compci  ote  the  eye,  the  nerve-ends  sensitive 

to  red  are  affected  ;   those  sensitive  to  green   are  simultaneously 
affected,   but   less   so;    while   those   sensitive   to   violet   an   very 
feebly  affected.      When  the  red  and   the   green  nerve-ends  (as 
may  call  them)  are  equally  affected,  the  resultant  impression  is  i 
of  yellow ;  red  light  and  green  light  together  make  yellow  light. 

This  may  be  shown  by  several  methods  of  mixture  of  colon 

1.  A  aouivv  <>f  lij»lit :  a  prim  :  u  10*680  QpOffl  which  ;i  epectraiB 
two  alita   iii    tl  1  »w  to  ml  in  it   the   pOBU 

broimtk  t  tin 

in  towards  n  common  am  D  there  pi 

i in  I i cute-  |  ur. 

2.  A  V   I  lb'li.iii"h/  j  i  pram  behind  thii 
two  spectra  produced  a*\  id  psodno 

of  combiimti. -li-coloiirs. 

J     M 
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3.  By  Maxwell's  discs :  a  disc  of  red  and  one  of  preen-painted  card- 
board :  each  disc  slit  dov;  litre,  and  out  out  at  the  centre  bo  as  to 
be  fitted  upon  a  rotating  top  :  the  one  disc  being  dipped  through  the  other. 
the  relative  psopOfftioni  of  red  and  green  in  view  can  be  modified  at  will  :  the 
whole  is  rotated  at  such  a  rate  thai  the  successive  impressions  of  red  and 

BStaf  the  eye  at  least  from  twenty-five  t/«  fifty  times  per  second  :  each 
local  impression  <>f  red  fan  the  rvriiia  i  still  vivid  while  that  of  green  DM 
nlrea<:\  not  vtrta;  the  colours  blend  in  tin-  eye,  and  TOXiooe 

shades  of  orange-red,  orange,  yellow,  or  vcllowifih-^reen  arc  produced,  according 
to  the  relative  proportion  "i  the  •.•■.lours  blended. 

4.  Parallel  rays  are  caused,  by  u  leie-,  to  converge  upon  a  foeal  point ; 
light  traversing  diffeieat  paction!  of  the  li  Dl  ii  of 

trnnsj.ai  r  recna,  diverse!  red;    all   come*    '" 

focus  ;   the  eye,  placed  axially  at  the  focus,  receives  mixed  rays  ;   the  colours 

blend  in  the  eye  (Ait ken). 

\U(\   and   yellow  make  orange;  yellow  and  green,  yellowish 
green  ;  green   and   blue,   a    bluish   green  ;  or   in   general,   colours 
near  one  another  in  the  spectrum  give  rise,  when  compound, 
to   an  average  or  intermediate  sensation.      Red   and   green   in 
different  proportions  may  produce  all  the  colours  of  the  spectrum 

\v.  ii  red  and  green:  green  and  violet  all  the  colours  between 
green  and  the  violet  colour  employed. 

When  blue  arid  yellow  Lights  are  mixed  the  impression  pro- 
duced on  the  eye  is  that  of  a  white  light;  blue  ami  yellow  are 
complementary  colours.  This  is  contrary  to  the  general  impres- 
sion that  yellow  and  blue  make  green  :  when  yellow  and  blue 
pigments  are  mixed,  the  yellow  and  the  blue  lights  reflected  from 
the  mixture  destroy  one  another,  forming  white  light  ;  and  the 
residual  green,  never  absent  from  the  purest  blue  or  yellow  pjg- 
inei  1  light,  is  perceived,  somewhat  wanting  in  brightness, 

and  diluted  by  the  white  light  produced  by  the  complementary 
colours. 

Tlie  iilnn<»iii.n:t  ..f  d.ndde  refraction  .nal.le  uh  to  produce  an  indefinite, 
nun i  in  of  complementary  colours. 

Some    pr<  uliaiitie-    of   perception  of  colour  are  readily   ex- 
plicable ('it  this  theory  of  three  kinds  of  nerve-ends,  which  is  due 
to  Young.     A  spectrum  formed  by  light  travelling  from  a  war. 
ind  to  modify  us  tints  as  the  light  Gules  ;  the  oranj 
red  serms  to   become   more  purely   red,  the  yellow-green  more 
purely  \  id  so  on;  h  the  faint  spectrum  is  appro 

mately  reslrirted  to  red.  green,  and  violet,  or  violet-blue;  of  each 
triplet  of  nerve-ends,  one  is  leebly  stimulated  by  a  given  colour, 
the  <.ther  two  are  inappreciably  so,  though  if  one  be  stimulated 
the  others  can  never  remain  wholly  unaffected 
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On  the  other  hand,  if  a  coloured  light  be  rendered  exceedingly 
bright^,  the  other  nerve-ends  ]  in  the  excitement:  very 

bright  red  seems  somewhat  orange;  violet  very  easily  passes  over 
into  whiteness  when  its  brilKanoy  is  excessive. 

A  black  colour  is  due  to  the  abac  lire  <>f  stimulation  of  any  of  ih.    u 
end*  ;   and   betWMB    blight    white   and    black    there   is  a  gradation  Of  weak 

wiiii-li  en  colli 

I              of  the   rati]  -  it  to  become  insensible  to  a  colour  long 

looked  iit  :  when  vhitc  tight  b  th«u  looked  .it.  it  eppean  of  ■  bm  oomple- 

ii.uv  to  t liat  oolonr,  been  temporarily  ad 

When  RMBI  Of  (he  ii. -i  ..    I  ml-       !  |    dated,  thfl  >t iiuul.t- 

ttOO  Bptea«i>  In  j.mit'  d.-i..-:  a  very  narrow  wliit«-li..i  wii.'  .  i     .dly 

from  i  wider  than  it  raallj  ia;  this  phenomenon 

in-  iiHint'd  Irradiation.      I  i    Boneaqceace  of  ti  enl  moon 

ftppeen  laign  than  thai  pact  of  die  moon  irUob  ia  iBandnated  bg  tight 

reflected  1  r  «m  the  north  ;  ai  goo-  flame  eppeen  a         one,  though 

its    UNmdeeOeot    putielei    IT!    by   DO  means   in   contact  with   one  another  ; 
i    Hh  glowing  filament  of  an  electric  incandescent  lamp  appears  much 
thicker  than  it  leally  i-. 

Perception  of  Form. — The  two  eyes  receive  images  of 
different  form;  these  are  blended  by  a  mental  operation  into  a 
npound  image,  which  education  has  taught  us  to  associate  with 
the  distance  of  the  several  parti  «>f  the  object  This  is  appli 
in  the  .Stereoscope:  two  pictures  of  imagBfl  taken  from  different 
photographic   stamljMiints  are  formed,  one  in  at  <nd  the 

• :  Ei  thai  of  outstanding  relief.  This  may  be  exaggerated 
with  singular  effect  where  thfl  photographs  bets  taken  tan  standV 
points  HitnatoH  ut  a  mutual  distance  <•■  foot;  mountain 

scenery  is  thus  borough!  into  pes  The  Banie  exaggem 

be  obset".  i  a  landscape  is  looked  at  through  n 

pair  of  i  rallel  but  at  several  inches'  distance  fipom  I 

another,  the  light  i.  icfa  being  brought,  into  the  oorre- 

spoiniiug  eye  by  in  axrangeinenl  of  red  ms. 

The  images   in  the  two  eyes  may  often  differ  in  brightm 
when  this  is  the  case,  there  is  a  stiu  iln-  two  fields  of 

view,  Which  causes  the  impression  known  to  us  as  that  of  Lustre; 

this  eft--  especially  wall  narked  in  the  case  of  metals. 
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Klectkicity  and   Maonkti.sm   are  not  forms  of  Energy  ;    neither 
are  they  forms  of  Matter. 

They  may  perhaps  he  provisionally  ilefmed  as  properties  or 
Comlitions  of  Matter  ;  but  whether  tin's  Matter  be  the  ordinary 
matter,  or  whether  it  be,  on  the  other  hand,  that  all-pervading 
Ether  by  which  ordinary  matter  is  everywhere  surrouuded,  is  a 
question  which  has  been  under  discussion,  and  which  may  now 
be  fairly  held  to  be  settled  in  favour  of  the  latter  view. 

At  first  sight  it  would  appear  that  the  electricity  of  an 
electrified  body  is  a  condition  of  that  body  it-self.  When  a  small 
piece  of  resin  and  a  small  piece  of  glass  are  rubbed  together,  it 
is  found  that  after  they  are  pulled  asunder,  the  resin  and  the 
glass  are  in  such  a  condition  that  they  attract  one  another  with 
a  definite  and  measurable  force ;  and  that  this  force  varies 
inversely  as  the  square  of  the  distance  between  them. 
This  attraction  across  an  intervening  space  is  by  some  held  to  be 
due  to  a  so-called  Mutual  Action  at  a  Distance;  but  when  tin- 
bodies  are  pulled  away  from  one  another,  work  is  done  upon  them 
which   will  red   when  they  are  allowed   to  approach  one 

another,  and  it  seems  probable  that  this  work  has  been  done  not 
upon  two  isolated  bodies  mutually  acting  at  a  distance,  but  DJMJB 
a  system  winch  consists  of  the  two  bodies  together  witli  the  Klhei 
between  them,  which  has  been  stressed  by  their  separation;  tL« 
tendency  of  the  two  bodies  to  approach  one  another  is  the  elastic 
tendency  of  the  Ether  to  recover  its  original  condition;  and  pheno- 
mena of  electric  attraetion  and  ^pulsion  may  be  explained  as 
phenomena  of  Ether-stress. 

Two  masses  of  resin  rubbed  on  glass  are  found  to  repel  one 
another;  two  masses  of  glass  which  have  been  rubbed  with  resin 
also  repel  one  another;  in  other  words,  two  masses  in  a  similar 
electric  condition  generally  repel  one  another. 
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According  t<>  kibe  nature,  tin*  sba\  tin:  dryness;  of  bhe  pieces  of 
material  exposed  to  mutual  friction,  and  according  to  some  other 
circumstances,  it  is  found  that  after  friction  and  separation  the 
force  of  mutual  attraction  or  repulsion  of  two  electrified  bodies 
viiri.-s.  One  IwKly  may  thus  be  more  or  less  highly  electriri-.l 
than  another;  it  is  said  to  possess  or  be  charged  with  a  greater 
or  a  less  quantity  of  electricity. 

Two  bodies  are  said  to  he  equally  charged  or  to  he  charged 
with  equal  quantities  of  electricity  when  (being  of  the  same  size) 
they  can  precisely  replace  one   another  in  their  action  upon  other 

rified  bodies. 

When  two  equally  electrified  bodies,  at  a  mutual  distanc< 
one  centimetre,  attract  or  repel  one  another  with  a  force  which 
balances  one  dyne,  they  are  each  said  to  be  charged  with  a  quantity 
equal  to  one  C.G.S.  Electrostatic  Unit  of  Electricity.  If  one  of 
these  bodies,  thus  said  to  be  charged  with  a  uuit  of  electricity,  he 
brought  to  an  exact  centimetre's  distance  from  a  body  charged  with 
an  unknown   quantity  of  I  f,  the  force  between   the  two 

electrified  bodies  may  be  measured  directly;  and  if  it  he  equal  to 
n  dynes,  the  body  tested  is  shown  to  bear  a  charge  of  ;i  units  of 
<-ity.  Further,  if  a  body  bearing  m  units  be  brought  to  the 
same  distance  from  a  body  charged  with  w  units,  the  force  between 
them  will  be  equal  to  m  x  n  =  mn  dynes. 

A  piece  of  glass,  aft*  i  being  rubbed  with  resin,  is  said  to  bear 
a  charge  of  vitreous  electricity  ;  the  resin,  on  tlie  othet  hand,  is 
said  to  be  charged  witli  resinous  electricity.  If  any  body  become 
electrified  in  any  way,  it  must  become  either  vitreously  or  resin- 
oush  ifled 

Similarly-electrified  bodies  repel  one  another ;  dissimilarly- 
electrified  bodies  attract  one  another  ;  these  statements  b 
when  the  bodies  are  very  near  one  another,  subject  to  an  excep- 
tion hereafter  to  appeal-  (p.  550). 

When  a  jet  of  water  issues  from  a  metallic  NOBU  connected   with  an 
electric  mad  particles  of  the  issuing  stream,  being  similarly  clectnfu<l, 

repel   ;'i"-  .mother,  nn«l   tin-  jet  it*  l»r<>krn  up  Into  *j»iuv.      Whoa  the  tenth 
has  a  capill  the  »nrface-ten.«inn  ut  the  nurture  is  <■■  'v  the 

electrii  i   the  liquid  rapidly  issues  as  if  its  viscosity  were 

greatly  dil 

If  a  body  charged   with    resinous  electricity  and   one  equally 

charged  with  rifcw  brought  into  oontai  as  of  both 

apparently  disappear  and  the  bo  none  a  neutral  state. 

Vitreous  and  resinous  electricities  are  thus  found  to  bear  to  one 
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:n:« »r.ln  r  tin*  -nine  relation  as  positive  and   negative  quantities  in 

"i.  and  by  a  purely  arbitrary  convention  charges  of  vifnous 

electricity  are  said  to  be  positive,  and  resinous  negative. 

The  above  •  tnUiuents  are  eamprittd  within  the  statement  that  if/ be  the 
force  of  repulsion  between  two  charge*  of  electri>  itv,  tit.  -■- -  |  tttXgOl  bttblfl 
m  units  in  one  body  and  m'  units  in  an-tlni,  ami  d  the  distance  bet 

/■i.nft'  tPj  and  if  our  units  of  quantity  be  bo  chosen  that  k=  1, 
/xflim'.'d-,     if  hi  mul  in>' be  both  positive  or  both  negative,  the  product  nnV 

is    positive,  aiol    the    stress   is    I  -r    o  jml-ive  ;    while,  if  OM  Of  the. 

charges  be  resinous  and  the  other  rttMOtte,  mm  is  negative,  and  til 

rash  that  iiu-  bodfcw  appeal  to  ittm  otata 

When  an  electrified  body  presents  a  charge  of  m  units  uni- 
formly distributed  over  a  superficial  area  of  s  sq.  cm.,  its  char 
per  sq.  cm.  is  mj$  =  <r,  the  so-called  Superficial  Density  of  tlie 
Electric  Charge. 

If  the  distribution  be  hot  uniform,  the  density  over  any  minute  area  may 
be  expressed  as  the  ratio  of  the  charge  borne  by  that  area  to  tlie  area  itselt 

The  density  of  B  charge  may  be  increased  by  diminishing  the 
free  surface  of  the  charged  conductor. 

A  piece  of  tinfoil  charged  and  connected  with  a  gold-leaf  electa 
553)  will  cause  a  divergence  in  the  leaves  of  that  electroscope,  which  in- 
creases when  the  tinfoil  b  partly  rolled  up.     Such  an  arrangement  is  called 
a  Condenser. 

When  charged  aqueous  particles  coalesce  to  form  raindrops,  their  free 
surface  diminishes,  and  the  density  of  their  charge  increases. 

The  superficial  density  of  a  charge  borne  by  a  conductor 
varies  from  point  to  point,  according  to  the  form,  but  independ- 
ently of  the  material,  of  the  conductor.  Only  upon  a  sphere  is 
it  uniform. 

A  charge  borne  by  an  ellipsoid  assumes  at  the  points  a,  6,  c,  </  (Fig.  197) 

proportional  to  0.*,  OV,  (>,',  Qd ;  bb't  ec'  being  tax  \  c,  and 

Fig.  m.  05',  Oc  at  right  angles  to  these.     Tlie  density 

j»  at  the  extremities  is  thai  greater  than  it  is  clse- 

wheiv.    A  Bfiedle-j) 

of  a  rorj  aloi  1   the  < tensity 

of   a  charge   borne  by  a   i  di   to  be 

]rf  extremely  great  at  the  apex. 

Tie  r  a  surface  of  any 

farm  in  the  Mae  way  u  the  ii  of  a 

bellow  shell  of  the  same  form  would  vary   if 
thai    fli  •  -f.-.l  ga  to  proh 

under  the  law  «»f  inverse  squares,  no  inteiii  E    Hi 

A  body  oannol  ben  an  indefinite  charge  of  electricity;  if  khe 
density  be  very  great  over  the  surface  or  at  any  part  of  the  sur> 
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face  of  a  conductor,  sparks  will  fly,  generally  from  the  point  at 
wliicli  tli-  is  greatest,  either  to  surrounding  object.-  or  into 

the  surrounding  air. 

When   a   body  \  ■ ;    with    electricity,  tliere   i  I  an 

eojnd  charge  of  the  opposite  kind  of  electricity  somewhere:  every 
distribution  of  electricity  has  a  corresponding  complementary  dis- 
tribution of  an  equal  amount  of  electricity  of  thfl  opposite  kind. 
In  the  case  of  the  mutually-rubbed  pi.  in.ss  ami 

viously  adverted  to,  the  charges  Ixmie  by  tlie  two  masses  are 
equal  and  opposite:  when  a  single  object,  electrified  by  friction, 
stands  within  a  room,  the  walls  of  the  roOJED  are  over  their  whole 
inner,  surface  Oppositely  electrified,  and  bear  a  charge  numerically 
equal  to  that  of  the  electrified  body.  When  an  object  is  electrified 
in  the  open  air,  the  earth  itself  (together  with  the  heavenly  bodies) 
takes  up  au  equal  and  opposite  charge ;  and  thus  the  algebraical 
sum  of  the  positive  and  negative  electricities  in  the 
universe  is  constantly  equal  to  zero. 

This  doctrine  is  by  some  writers  (Lippmann,  Silvanua  Thompson)  called 
the  Law  of  the  Conservation  of  Electricity. 

It  two  bodies  equally  and   strongly  charged   with  opposite 
electricities  be  brought  sufficiently  near  one  another,  a  spark  will 

pass  betwd  i.  their  electricities  will  combine,  ami  they  will 

Ik;  discharged  and  return  to  the  neutral  state.  Spazkfl  will 
pass,  as  a  rule,  when  two  bodies  differing  greatly  in  their  electrical 
condition  are  brought  sufficiently  near  one  another. 

Tlie  thickness  of  air  across  which  a  spark  ran  leap  is  known  as   tli. 
Striking  Distance  in  air;  and  it  depends  in  general  ojtou  th 
tlie  substance  through  which  the  -park  paa««,  as  well  as,  in  particular  cases, 
upon   i  the  points  from  whlftb  tfafl  sparks  leap. 

The  hotter  the  charged  bodies,  the  greater  tin-  striking  "balance. 

An  aleotak  spark  is  disrupt!-.,    in   Hi  e&d  ;  il  btateefej  it  produces 
nuad  and  tight ;  in  vain  it  may  jax  the  liquid  i  i  the  oonl 

vessel ;  it  can  pierce  glass,  and  will  scatter  )•<  ti  gunpowder. 

It  many  purposes  of  I  u  it  is  convenient  to 

distribution  of  positive  or  of  negative  imaginary  electric  matter 
tn  the  place  where   the  electric   condition  I   itself.      Fi-r 

example:  a  metallic  Bphere  as  bollow  globs,  when  electrified, 

senta  no  electric  phenomena  within  its  substance  or  its  cavity 
electrical  condition  is  manifest  at  its  surface  and  is  there  uniform  ; 
whence  it  ma.  ined  that  a  unifnrm  film  of  electric  03 

covers  or  coincides  with  the  surface  of  the  metallic  body,  and  this 
imaginary  film  attracts  or  repels  equally  imaginary  Shu  i 
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distributed  over  the  surfaces  of  neighbouring  electrified  bodies,  and 
does  so  with  forces  whose  amount  may  he  calculated  in  accordance 
with  the  propositions  of  the  section  on  Attraction,  p.  176. 

The  law  of  the  resultant  force  resembles  that  of  Gravitation. 
Every  particle  of  this  imaginary  electric  matter  in  the  Unr 
repels  every  other  existent,  at  any  given  moment,  with  a  force 
proportional  to  the  product  of  the  masses,  ami  varying  inversely 
as  the  square  of  the  distance  between  them. 

From  tfiisemue  the  following  propositions: — (1.)  An  electrified  metallic 
sphere  acta  upon  all  external  elaOtriHod  partiolei  M  il  111  ohsfgS  were 
concentrated  at  its  centre. 

The  density  of  its  surface  distribution,  cr  =  chaTge  -t-  area  »  cliarge  -f-  4*t*. 

Its  attraction  foT  or  repulsion  of  a  Unit  of  Electricity  place  d  just  outside 
it  is  equal  to  4mr  ;  thb  is  F,  the  Resultant  Electric  Force;  ami  flu 
resultant  electric  force,  at  a  point  just  outside  an  eh-<  triiied  sphere  OW  which 
'11-  density  is  trt  is  equal  to  47ro-. 

(2.)  A  superficial  distribution  of  electricity  presents  from  point  to  | 
such  variations  of  dmxity  that  it  has  no  aetiun  upon  particles  within    it 
A  metallic  chamber  of  any  form  may  be  electrified  until  spark*  tly  from  it* 
SODS  surface  ;  y<  t  HO  id.-etrical  efiVct  will  be  perceived    internally.      Thi 
tin-  strongest  ptOOf  of  tlu:    law  of  ihti    inverse    square,  that  OU   be  inm-ined  : 
no  other  law  of  attraction  could  result  in  a  force  imperceptible  internally, 
the  distributions  being  such  as  those  actually  observed. 

(3.)  Every  element  of  the  imaginary  superficial  shell  or  film  itself  is  sub- 
ject to  repulsion  from  its  fell  Dta,  Tni>  NpnMoo  pel  unit 
of  an -a,  to  p  =  2jrtr"'.     A  soap-bubble  when   electrified  expands  ;  the  atnios- 

in!  pressure  is  resisted  by  an  d.-irii:  .-, if-npulsSoD  or  ^-called  Electric 
Tension  over  the  surface,  whose  outward  resultant  is  equal  to  27^7*  dynes 
per  sq.  centimetre.     A  soap-bubble  may  be  electrified  by  1-1" v,  >n    a 

metallic  pipe,  ami  connecting  the  pipe  with  an  electric  machine. 

a  this  we  must  conclude  that  the  surface  of  every  electrified  body 
is  in  a  state  of  expansive   tension,  nnd  that  tin    111: a  of  UI   is  COttl  \i  I  with 
it  ie  subject  to  a  disruptive  tendency,  which  varies  as  the  square  of  the  IB] 
ficial  density. 

When  a  body  is  very  highly  charged,  the  air  in  its  imme- 
diate neighbourhood  becomes  similarly  charged,  is  repelled,  and 
masses  of  it  are  torn  off  ami  impelled  in  constant  succession,  an 
idcitriral  wind  or  stream  of  electrified  air  being  produced. 

Sparks  fly  from  the  surface  of  a  charged  conductor  into  th..- 
surrounding  air,  when  the  density  becomes  so  great  that  the  abso- 
lute diminution  of  air-pressure  due  to  expansive  tension  is  about 
06,708  dynes  per    -|.  am. 

Since  p  =  2ir<j*}  and  the  Resultant  Force  just  outside  a  charged  condv 
is  F  =  4rro-,  it  (blkrWl  that  p  =  T*/Bir. 
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DmI   (lotting  in  i    two  charged  surfaces  finds  its  way  to 

i   the  other,  and  if  sticky,  agglomerates  (Lodge),     "Thunder  clears 
the  air." 

If  an  electrified  body  be  "  insulated  "  by  being  placed  on  a 
dry  glass  stand  within  a  room,  the  walls  of  the  room  are  oppo- 
sitely electrified,  and  Injur  a  complementary  cl  mn ■rically 
equal  in  the  aggregate  to  the  charge  of  the  insulated  body.  The 
space  comprised  between  the  electrified  body  and  the  oppositely  - 
electrified  walls  of  the  toon  is  a  Field  of  Force,  permeated  by 
Lines  of  Force  and  Equipotential  Surfaces.  The  lines  of  force 
traversing  such  a  field  <]iiit  the  free  surface  of  the  insulated  body 
at  right  angles,  and  strike  the  walls  of  the  room,  again  at  eight 
angles.  They  BIB,  in  general,  of  a  curved  form.  A  certain 
number  of  lines  of  force  may  be  grouped  within  a  bundle  or 
Tube  of  Force,  whose  cross-sectional  area  increases  as  the  lines 
of  force  di  >ui  one  another,  or  diminishes  as  they  com 
and  F,  the  resultant  force  on  a  unit  of  electric  quantity  placed 
within  any  such  tube,  must  vary  inversely  as  the  local  cross- 
sectional  area  of  the  tube.  If  the  tubes  of  force  be  constant  in 
cross-sectional  area,  the  lines  of  force  are  parallel  to  one  another 
and  the  eqiiipotential  surfaces  are  equidistant  and  plane ;  the  field 
is  then  a  Uniform  Field  of  Force. 

ill  |  lit -l.l  we  find  in  the  central  part  of  the  space  between  two  parallel 
plates  insulated  from  one  another  and  brougli  tent  potential*. 

The  conception  of  Potential  is  one  of  the  highest  importance 
in  the  theory  of  Electricity. 

The  Absolute  Electrical  Potential  at  a  point  fa  a  mathe- 

il  expression,  possessing  a  numerical  value:   it  measures 

the  tendency  which   the  existing  electric  forces  would  have,  to 

drive  an  electrified    particle  away  from  or  to  prevent  its  approach 

to  the  point  in  question,  if  such  a  particle,  one  unit  in  quantity, 

were  situated  at  that  point  or  were  brought   Up   to   that   point ; 
and  it  is  numerically  equal  to  the  QUI  of  ergs   of  work 

that  must  be  done  in  order  to  bring  a  positive  unit  of  alsc- 
tricity  bom  a  region  where  there  is  absolutely  no  electric  force — 
•  •.,  from  a  NgtOfi  at  an  infinite  distance  from  all  elect 
bodies — up  to  the  point  in  question  ;  provided  always  that 
the  transfer  of  the  positive  unit  of  electricity  be  supposed  to 
have  no  effect  whatsoever  upon  the  distribution  of  the  electricity 
of  other  bodiflS  in  the  lu'iejiltourhood  o,  int. 

Difference  of  potential  between  two  points.—  1 1  m  ergs  of 
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ik  moat  be  done  in  order  to  remove  a  unit  of  aleeftricifcy  from 
the  point  A  to  the  point  B  against  electric  repulsion,  then  the 
two  points  A  and  B  are  at  potentials  which,  considered  absolutely, 
may  be  unknown,  but  which  differ  numerically  by  m:  and  B  is 
at  a  higher  potential  than  A  by  m  units  of  potential. 

When  there  is  ■  difference  of  potentials  between  any  two 
points  in  space,  a  body  bearing  a  charge  of  positive  electricity, 
and  placed  at  the  point  at  which  the  potential  is  greater,  is 
driven  towards  the  point  of  less  potential,  just  as  in  the 
corresponding  gravitation-problem,  a  mass  tends  to  fall  towards  a 
lower  level  ;  and  if  free  to  move  it  will  follow  the  track  of  the 
lines  of  force,  travelling  thus  from  each  equipotential  surface  to 
the  next  one,  infinitely  near  it,  by  the  shortest  path.  The  path 
between  the  two  points  is  not  necessarily  the  shortest,  for  the 
lines  of  force  are  often  curved  (see  Fig.  241). 

A  positively -charged  particle  placed  in  a  region  of 
positive  potential  will  be  repelled  along  the  lines  of  force 
into  a  region  of  less  or  of  zero  or  of  negative  potential :  a 
negatively -charged  body  under  the  same  circumstances  travels 
in  the  opposite  direction. 

The    BMfD   force   acting  upon  a  unit-charge   of  electricity  within  on 

electrical  field  ll  equal  to  the  difference  between  the  potentials  of  two  points 

hin  that  field,  and  situated  at  a  mutual  distance  of  one  centimetre,  that 

distance  being  measured  along  the  lines  of  force  :  for  if  V,  and  V0  be  the 

potentiate  of  two  pofltttfei  whtM  mutual  di.-tancc  is  s,  the  work  done  in  moving 

ricity  from  the  point  of  lower  to  the  point  of  higher  potential 

iaV^-V^;  but  it  is  also  equal  bo  F  ii  the  mean  force  ratal 

transfer  ;    whence  F*  =  V,  -  V„  and   F  =  (V  -  VJ  -r- «.     When  $  «=  1 

cm,  y  -  v,  -  v> 

We  hftve  now  two  expressions  for  the  force  acting  upon  a  unit -charge 
phi. id  within  ■  tiehl  of  force.  These  are  F  =  (V,  -  V J  4-  *  anywhere 
within  tli  the  distance  (measured  along  a  line  of  force)  between 

two  e<iuipoten  m  whOM  potential  differs  by  (V,  -  VJ  ;   and  F  =  4*xt 

near  the  surfa  r  of  the  charged  conductors  whose  surfaces  bound 

held.      In  a  uniform  field  the  potential  diminishes  equabl jt and  F  is  constant 
throughout  the  field.      In  a  non-uniform  field  the  force,  which  at  the  small,  r 
bounding  surface  is  4irc,  diminishes  as  A,  the  local  cross-sectional  DM 
any  tnbe  "f  force,  increases  (for  F  x  A  =  F(  x  AJ  ;  but  the  divisor  in 
other  expression — #,  the  fliltmifffl  till  surfaces — 

increases  in  the  same  proportion  :  thus  at  anv  point  the  local   force  F,  ■ 
4*tr.A/A,  =  (V,-VJ/«. 

The  local  force  may  also  be  defined  as  the  reciprocal  of  the  distance 
(measured  along  the  linee  of  force)  between  two  surfaces  whose  potential 
differs  by  unity  \  for  F  =  (V  -  VJ  ~  #;  but  when  (V,  -  VJ  =  1,  F  -- 

Sues  under  the  law  of  inverse  squares  the  potential  due  to  repelling 
mass  Q  at  distance  r  is  Q!r,  and  at  distance  r   is  Q/r',  the  difference 
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poUntiil.-'  at  joints  situated  at  distances  r  ami  r  respectively  from  fhfl 

/Q     Q\       Q  (r 
pulling  BMB  Q  is  ( ,  J  -  :   Bad  Bin  |  "Uaitials 

of  any  two  equipotentk)  uui  0*1  t"  1 1  »•-  wori  dons  in 

transferring  a  unit  in  the  mr&M  of  loWOI  03  1 1 1 ■  of  higher 

jKitttit lal,  it  bUowi  iii.u  tin  mat  done  by  or  on  a  uni 

r  I  ■  i  :       ,   I        :      ,  i  ince  r  from  a  charge  Q,  is  Q  (r'  -  r),rr\ 

positive  or  negative  as  the  case  may  be. 

11"  I  bod  ed  with  electricity  be  not   free  itself  to   move 

along  the  lines  of  force,  we  rind  this  most  remarkable  phenomenon 
— that  in  a  field  of  focoe,  thi  points  of  which  ootreepondin^ 
the    extremities    of   the  tie    at    dilVeranl    potentials,   the 

electrical  condition  of  the  body  tenda  to  travel :  one  aspect  of  the 
charged   body — the  lepect)  namely,  which    l  wards  thai 

direction  in  which  the  charged  body  would  it  el  if  it  were 

free  to  do  so — tends  to  become  more  strongly  charged  or  to 
acquire  a  greater  density;  the  opposite  aspect  tends  to  become 
less  strongly,  or,  it  may  be,  even  oppositely  charged.  Thi<  ivdis- 
ution  of  the  electric  charge,  if  it  take  place,  has  the  effect  of 
equalising  the  potential  throughout  the  bod]  placed  within  I 
fifiU  «-f  force;  and  it  reminds  us  of  the  readjustment  of  level  and 
accumulation  of  water  towards  the  lower  end  of  a  tank  laid  on  a 
sloping  surface,  during  which  readjustment  a  difference  of  level 
produces  a  flow  of  water.  The  new  distribution  once  assume- 1 
permanent  so  long  as  the  field  of  force,  which  Immediately  sur- 
rounds tin;  body,  and  which  tends  to  determine  a  difference  of 
potential  between  its  opposite  aspects,  remains  unchanged;  but 
while  that  distribution  is  being  assumed  we  have  a  brief  Current 
of  electricity. 

A  difference  of  potential,  in  whatever  way  it  may  be  set 
up  witliin  a  body,  produces  a  tendency  to  prompt  equalisation 
of  potential  throughout   that   body,  and  thus  bo  the  BstablJ 
of  a  momentary  current  of  Electricity  ;  a  j-  nee 

of  potential,  in  whatever  way  kept   up,  tends  to  produce  a  con- 
tinuous current 

A  lightering  conductor  ia  the  Beat  of  a  continuous  current  *>  long  M  till 
earth  at  its  base  and  the  air  at  its  apex  ne  at  different  potentials. 

difference  of  potential  is  analogous  to  •  of  level  or 

i  I  ter  in  hydraulics;  and  when  it  determines  a  flow 

of  electricity,  it  is  often  call*-  ro motive  force  or  E.M.K. 

— a  term  which  might  with  advantage  be  abandoned,  and  instead 
of  which  we  shall  use   the   phrase   elect  romol  ive  difference 
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■ntial  or  KM.IU'.  In  place  of  this  phrase  the  reader 
who  has  any  reason  for  doing  so  will  easily  read  the  words 
i  tromotive  Force,  the  objection  to  which  is  simply  that  a 
(inference  of  potential;  like  a  difference  of  water-level,  is  not 
itself  a  force,  and  does  not  even  completely  specify  the  force 
which  determines  an  electric  flow:  to  determine  this  the  form 
aud  the  dimensions  of  the  electric  conductor  must  be  known,  as 
well  as  the  difference  of  electric  potential  between  its  extremities, 
just  as  the  dimensions  of  a  water-pipe  must  be  known,  as  well  as 
the  available  head  of  water,  before  we  can  calculate  the  local  falls 
of  pressure  and  the  forces  producing  flow. 

We  baffle  tlmdynea  that  F  =  (V#-"V#)-s-*;  and  this  U  Clerk  MaxwelFi 
"Electromotive  In  tenuity,"  the  Force  acting  upon  ft  unit  charge  of  electricity. 

If  two  bodies  be  at  different  potentials,  when  they  are  con- 
nected by  a  metallic  wire  the  charge  over  them  will  be  readju  i 

i  momentary  current  through  the  wire,  and  they  will  come  to 
the  same  potential 

Two  bodies  are  said  to  be  at  the  same  potential  when  elec- 
tricity has  no  tendency  to  travel  from  one  to  the  other,  even 
though  they  be  brought  into  communication  by  a  metallic  wile, 
I  Htlerence  of  potential   is  thus  also   analogous  to  difference  of 

!  e  rat  tire. 

The  earth  itself  is  arbitrarily  assumed  to  be  at  zero 
potential:  and  bodies  in  such  a  condition  that  when  they  are 
placed  in  contact  or  in  metallic  communication  with  the  earth 
their  electric  condition  is  unaltered,  have  a  potential  whose  value 
is  equal  to  this  arbitrary  zero. 

The  arbitrary  or  conventional  potential — or,  briefly,  The 
Potential  of  a  point  in  an  electric  field  of  force — is,  numerically, 
the  number  of  ergs  of  work  necessary  to  bring  a  unit  of  electricity 
up  to  the  point  in  question  from  a  region  of  nominal  zero-potential 
—  i.e.,  from  the  surface  of  the  earth. 

Between  a  positively-charged  body  within  a  room  and   the 
negatively-charged  wall  of  the  room  there  must  lie,  in  the  inter 
veniug  field  of  force,  one   eqiiipotential   surface  which  has  a  Zero 
Potential,  its  potential  being  the  -same  as  that  of  the  earth  ontaj 
the  room.      Within    this  equipotentinl   closed  surface  there  is  a 
region  of  Positive  Potential ;  exterior  to  it  there  is  a  region  of 
NVgative  Potential.     The  potential  of  the  inner  region  is  great 
at  the  surface  of  the  electrified  body  ;  the  potential  in  the  negat 
u  is  most  negative  on  the  surface  of  the  walls. 
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The  potential  cannot  be  a  maximum  ot  |  minimum  at  :my  point  within 
a  field  of  force,  if  that  point  be  not  upon  the  surface  of  COM  <»t  *  fcOH 

whose  surfaces  bound  tin-  held. 

Conductors  and  Non-conductors. — In  the  familiar  ease  of 
a  lightning-conductor   Wi  see  a  marked  n   between    the 

conductive  copper  in  which  a  continuous  current  of  electricity 
can  flow,  and  the  air  or  an  unprotected  building  which  cm  only 
be  traversed  by  a  disrupt  i  ...barge.  A  conductor  is,  when  a 
charge  is  borne  by  it  and  retained  by  it  in  equilibrium,  a  su In- 
stance throughout  the  whole  volume  Bud  over  the  whole  surface 
of  which  the  potential  is  uniform  ;   while  if  im«|u;ilili  ten- 

iae! were  set  up  within  it,  the  conducting  material  of  a  perfect 
conductor  would  offer  no  resistance  to  the  readjustment  of  poten- 
tial by  means  of  a  current.  A  perfect  non-conductor  oc 
dielectric  would,  on  the  other  hand,  be  a  substance  the  different 
parts  of  which  may,  after  an  electric  nice   remain,  with 

any  process  of  readjustment  and  for  an  indefinite  period  of  time, 
at  potentials  differing  to  any  extent     There  are  no  bodies  which 
are  absolute  non-conductors;  all  conduct  electricity  man 
slowly.      There  are  no  bodies  which   are  pen  iduotOTSj  all 

offer  more  or  less  resistance  to  the  flow  of  electricity.  Bodies 
which  conduct  extremely  badly  are  called  Non-conductors  or 
insulators  :  bodies  which  offer  comparatively  small   1  s  to 

the  passage  of  electricity  through   them  arc    in   practice  call 
Conductors. 

When  a  charged  body  is  placed  upon  an   insulator,  such  as 
ebonite,  guttapercha,  indiarubber,  dry  glass,  sealing- wax,  it  is  said 
to  be  insulated;  its  potential  cannot  become  equal  to  that  of  the 
earth  for  a  long  period  «>f   time;   it  fa  said  to  retain   its  -  hi 
for  a  long  pei 

Air.il  11  hjgil  pMBBH  is  almost  an  absolute  insulator:  cold  air,  damp  or 
dry,  at  the  ordinary  pressure  is  one  of  the  botl  [nwlstm  :  tat  OTTO  within 
cold  air  '  Ugtd  with  electricity  gradually  loM  i'i "ir  i  bttgB  ;  a  partial 

vacuum  is  a  good  OOOdUBtOI  ;  a  good  vacum  q  a  good  insulator.     Ice 

insulate*,  water  is  a  bid  "  ;  nl>sidiaiis  and  lavas  insulate  when  hot  ; 

glass  when  dry  is  an  insulator,  hut  when  very  hot  Kfl  a  conductor.     A  body 
charged  and  supjvorted  upon  a  dry-glass  stein  within  n  vacuum  or  a  v.  r\ 
cold  atmosphere  will  retain  it*  charge  for  a  very  long  period  ;  but  if  th. 
be  damp,  so  that  the  insulating  ^hv*  stem  condenses  upon  its  surface  a  film 
«.f  moisture  from  the  air,  that  film  will  slowly  conduct  the  charge  to  . 

A  sufficient  difference  of  potential  will  cause  a  spark  to  fly  between  two 
charged  conductors  across  th.  Led  ric  :  in  the  case  of  turpem  I 

parafh'u,  nnd  ollfO  oil,  the  striking  oJstnOB  iSj  when  the  discharge  is  continuous 
regularly,  when  the  discharge  is  interrupt.  I  1]  propoH&onil  fed  ihc 
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DOB  "f  potential  ;  in  air  tin-  striking  flyitanilll  increases  faster  tl' 
difference  «if  jKiU-Titial,  tod  tin-  curvi-  indicating  the  ratios  of  striking  distancea 

l»;ir;il)ola. 

The  phenomena  of  electricity  present  themselves  within  a 
Only  whilfl  a  current  ifl  actually  passing  through  it;  tor 
then  only  are  these  any  differences  of  potential  within  the  con- 
ductor. At  other  times — that  is,  wlieu  there  is  no  current, 
more  or  less  permanent  condition  of  Statical  Equilibrium  uf  the 
charge — electrical  phenomena  are  restricted  to  the  Field  of  Force 
— that  is,  to  the  non-conductor  or  Dielectric  between  two  com- 
plementary charges;  for  within  non-conductors  alone,  not  in 
conductors,  can  any  electrical  stress  or  difference  of  potential,  per- 
manently or  Eos  any  length  of  time,  in-  maintained. 

If  the  air  hiul   been  as  flood  a  conductor  as  copper  we  would  probably 
uwfl  known  anything  about  electricity,  fur  our  attention  would  never 
hove  been  directed  t"  my  electaed  phanomaoai 

Phenomena  of  electricity  in  a  state  of  equilibrium,  associated 
with  more  or  less  permanent   differences  of  potential  and  ev; 
within  a   dielectric,  are  said   to   l)e  electrostatic;  those  ev 
during  adjustment  of  electric  potential  by  the  pfl 
in  :i  conductor  are  said  bo  be  electrokinetic. 

If  electrostatic  phenomena  lie  due  to  stresses  in  the  ether. 
electrokinetic  are  due  to  movement* of  the  same;  and  a  moment- 
I  electricity  in  a  copper  wire  is  a  throb  due  to  release 
from  stress  of  that  part  of  the  all-pervading  ether  which  pervades 
that  wire — a  throb  which  [fl  propagated  not  without  influeii' 
we  shall  see,  upon  the  ethef  external  to  the  wire. 

"  Free  "  and  "  Bound  "  Charges. — -A  distinction  is  fret  | 
made  between  a  free  and  a  bound  charge  of  electricity.     The 
former  is  understood  to  be  a  charge  borne  by  an   insulated   Unh- 
and independent  of  surrounding  objects,  while  the  latter  is  inoh 
charge  as  is  held  in  position  by  the  presence  and  attraction 
charge  ni  the  opposite  character  upon  a  neighbouring  body. 
truth,  however,  all  ohaiges  are  bound  charges;  thee 
distribution  must  be  somewhere ;  the  Held  of  force  may  be 
OX  mall,  but  it  mu-t    have  its  limits.      Tt    may  be  small,  as  wh 
a  little   electrified    body  i-s  suspended  within  a  metal    lla.sk   which 

ot  insulated;  it  may  be  great,  like  the  field  of  force  between 
I  thundercloud  .  earth  :  in    the   former  case   the   comple- 

mentary charge  U  distributed  over  the  inner  surface  of  the  flask; 
in  the  latter  it  travels  about,  and  is  at  its  densest  upon  the  surface 
of  the  -  sneath   the  travelling  thundercloud,  or  else  u] 
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;i<ijii'  cut  clouds,  ben  an  electrified  body  is  placed  at  an 

extremely  gM0&  distance   from   all   surrounding   DbjeotB,  it  <-ann-.t 
be  held  to  hav  '  ftTge  is  bound  by  the  com- 

plementary distribution  upon  the  far-elist ant  objects;  and  B  particle 
isolated  in  otherwi  infinite  space,  if  such  a  thing  were 

possible,  could  not  Income  charged  with   electricity  at  all.  Car  the 
complementary  charge  could,  in  such  a  case,  have  no  locus. 

If  the  ether  be  stretched  or  OOlttpttMoed,  it  must  be  stretcht-o 
compressed  between  at  least  two  points,  which  may  be  near  or  far 
from  one  another.  Bearing  this  in  mind,  however,  it  is  undoubt- 
edly convenient  in  many  respects  to  permit  ourselves  the  use  of 
such  expressions  as  "  a  body  freely  charged  with  m  units  of  +  elec- 
tricity," and  in  so  doing  to  omit,  provisionally,  all  consideration  of 
the  complementary  charge,  which  is  BUppoo  I  sufficiently  distant 

Division  of  Charge. — When  a  conductor  charged  with  elec- 
tricity is  brought  into  contact  with  another  at  a  different  potential, 
the  electric  potentials  of  the  two  conductors  become  equalised ; 
and  if  the  two  bodies  be  of  the  same  form,  size,  temperature,  and 
chemical  nature,  and  if  they  be  symmetrically  arrun  will, 

after  separation,  each  bear  a  charge  equal  to  one-half  of  the  alge- 
braical sum  of  the  original  charges  of  the  two  bodies. 

This  change  of  <list ri t.iiti . »n  mvolvtt  I  frf  tin-  lines  of  | 

and  of  the  cquipotentml  nufreei  throughout  the  surrounding  dfdadl 

an  alteration  of  :  butxOO  of  tin.-  coiupleiin.'iit  i'|»oaite 

lory. 

"When  the  bodies  are  unequal  in  size,  etc.,  or  are  unsymmetric- 
ally  arranged,  the  division   of  the   charge  between   them   is  not 
equal.      Two  similar   bu1    unequal   spheres   are  found,  after 
brought   into  communication  by  B    long   thin  v.  then 

bo  bear  chart"  a  proportioned  to  their  radii 
Capacity. — When  a  conductor  hat  a  im- 

parted to  it,  the  DO  of  its  surface  and  of  itfl  whole  vok 

•  •'.  jwisitivelv  or  negatively  (/>.,  lowered),  as  the  cas- 
When  an  insulated  body  requires  a  charge  of  C  units  of  electricity 
to  be  imparted  to  it  in  order  to  mis.-  its  potential  bj  one  unit — 
that  is,  from  zero  to  unity,  or  bom  V  t<»  V  -f  1 — it  ia  said  to  ha\e 
a  Capacity  of  C  units.  When  a  body  whose  capacity  is  C  has 
it      potential   raised  by  the  amount    V.  rl:  » of  eJftO- 

trieitv  imparted  to  the  conductor  is  Q  —  \'C  units. 

When  a  aerie*  of  conductor* — w!n»«  capacitie*  are  C  .  etc.,  and 

which  ore  ulieigful  bO  pQtmtiatt  V,,  V  ,  V  ,  .  >-u\,  m  that  their  several  charges* 
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are  resp«-«-tively  0,V„  C,  Vtl,  Qm V  „,  etc. — are  connected  by  a  wire,  the  potential 

in ■:■  upon  Mouinod  bj  the  whole  system  li  equal  bo — 

Tlie  whole  charge      V  C  +  V„C„  +  V  „< '„.•••_  SVC 


The  whole  cupa.-ity  C,  +        C„  +        Om  ...       -'  . 

The  capacity  of  a  conductor  is  the  same  whether  it  be  solid  ot 
hollow:  the  merest  film  of  gold  leaf  supported  on  a  wooden  ball 
has  as  great  a  c  i  3  a  solid  metallic  spin  no, 

Eleotmstatic  stress  can  only  pentlt  within  tlie  field  of  force,  the  dielectric, 
which  is  limited  by  the  surface  of  the  conductor ;  beneath  this  surface  it  i- 
a  matter  of  indifference  what  the  metallic  thickness  may  be,  since  within  a 

I'.K-toi   then  can  be  DO  permanent  difference  of  potential,  no  p«-: 

The   Capacity  of  a  Sphere. — A  sphere  of  radius  r,  within 
an  unlimited  space  containing  no  other  charged  bodies,  is  char. 
with   quantity  Q;   this  quantity,  uniformly   distributed  over   ' 
surface,  acts  as  if  it  were  gathered  at  the  centre,  and  therefore  at 
B  distance  r  from  the  surface.      The  potential  over  the  surface  of 
the  sphere  must  therefore  be  V=Q  fr.     The  capacity  C  =  Q/V 
this  is  QJQ/r  =  r;  the  eleeti  Capacity  of  a  Sphere  is  there- 

fore equal  to  its  Radius. 

The  Work  spent  in  charging  any  conductor  is  equal  to  half 
the  product  of  Q,  the  Charge  imparted  to  it,  into  V,  the  Rise  or 
Potential  produced  in  it. 

To  bring  a  quantity,  Q,  of  electricity  Gram  1  place  <>f  zem  potential  to  a 
place  of  conetant  potential,  V,  involves  the  expenditure  of  QV  units  ofw.irk, 
l»y  our  definition  of  Potential     To  bring  a  charge  Q  by  successive  infl 

Into  ■  region  whose  potential  t   gero,  but  steadily  rises  as 

the  successive  install!  i 
arrive,  work  must  be  dons 
i    is  eqoal  to  half 
the  product  of  the   hniil 
riBe  of  pot-' 

whole  charge  brought  up. 
In    Fig.    198   tl 
rectangles  represent  the 
work    done    in 
each  succeed  ve  install 
up  to  the  corresponding 


Flr.198. 


Quant  it* 


■,  and   their  stun,   which  represen: 
total   work  done  in  bringing  up  the  vhole  charge  OQ  to  the  final  potential 

BOtsd   l-v  :h-    triangle  OQP,  whose  area  -  JOQ  x  OP  ■  A  whi 
quantity  M  final 

The  work  done  in  charging  n  conductor  i-   equal   to  the  elec- 
trical energy  stored  up  in  that  conductor;  and  since  this  is  equal 
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to  JQV,  "t  see  that  the  energy  of  an  electrified  body  depends 
not  only  upon  the  Quantity  of  electricity  borne  by  that  body, 
but  >n  the   Potential;  just  as   the  ]»«>t43MLial  •  I  a 

mill-pond  depends  not  only  upon  the  quantity  of  water  I ontained 
in  it,  but  also  Qgtoo  the  average  elevation  of  that  water  above 
surrounding  objects.  For  which  reason  a  mere  quantity  of 
Kleetncity  is  not  a  quantity  of  Energy,  and  Electricity  ia  not  a 
form  of  Energy. 

The  energy  of  a  i  b  n.luctor  of  any  kind  is  measured  by  JQV  ; 

lmt  this  is  equal  (since  Q  =  CV,  where  C  is  the  capacity  of  tin?  conductor)  to 
JCV*  or  to  }Q«/C. 

The  energy  of  a  syBteni  of  connected  conductors  is  efjual  to  JV^.-C,  or 
to  JQ--i--C,  where  -C  is  the  aggregate  capacity  <>f  tli<    whole  system. 

EhropOM  now  that  two  conductors,  of  which  the  ana  is  charged  to  potential 
V,  while  the  other  is  at  zero  potential,  and  of  which  the  respective  capacities 
are  (\  ind  r,,  mm  phiwd  in  mrttTBc  oommtuiicatlOB  :  on  oonted  Hhtj  fans 
a  j"  n-tor  whose  capacity  is    <      |  I      .     The  energy  of  the  single 

charged  conductor  wjis  JQ*  i  i  both  taken  together  ia  JQ*/C,  + 

a  smaller  quantity.     There  is  therefore  an  apparent  Loss  of  Euergy  equal 

■  0  I [W°.-W !Ut  +  U„\  -  JdWC.)  P/RiU  (PJC#+CJ  times 
the  energy  of  the  i  nrge.     If  C,  =  C,(,  half  the  euergy  of  the  charged 

conductor  is  apparently  lost  hy  partial  discharge. 

Wherever  then  is  a  readjustment  of  electricity  in  the  form  of 
a  running-down  of  electricity  from  a  place  of  high  potential  to  a 
place  of  low  potential,  there  is  a  loss  of  energy  of  electrification  ; 
just  as  when  a  full  pond  is  allowed  partly  to  discharge  itself  into 
an  empty  one,  the  average  level  of  the  whole  is  lowered,  and  I 
energy  of  position  partly  disappears,  to  reappear  in  the  form  of 
heat.  In  general,  where  electrified  conductors  are  connected  by 
metallic  whea,  if  there  be  a  current,  the  potential  energy  of  the 
system  sinks  to  a  minimum ;  heat  and — if  a  spark  pass — light, 
sound,  and  mechanical  effect  being  produced.  When  the  com- 
ponents of  an  electrified  and  insulated  system  are  allowed  to 
approach  or  to  recede  from  one  another  in  obedience  to  the  electric 
forces,  the  energy   of  electrification  in   past  converted 

into  mo  d  therefore  falls  in  amount  ;   while  if  they 

be  pulled  asunder  or  mad.    to  •  ]<proach  against  ti>  ■  forces, 

the  mechanical  work  done  upon  the  insulated  system  from  with- 
out is  converted  into  the  energy  of  a  bighex  electrification.  In 
the  former  case  the  energy  is  that  of  the  same  charge  at  a  lower 
potential;  in  the  latter  case  it  is  that  of  the  rge  at  a 

higher  potential 

Induction. — When  an  electrified  U>dy,  or  a  system  of  such 
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bodies,  is  placed  within  a  hollow  metallic  shell  (Fig.  199)  with 
which  there  ifl  DO  communication  except  through  non-conductors, 
the  shell  becomes  charged  by  Induction 
oss  the  intervening  dielectric  If  tin* 
bodies  placed  within  the  shell  be  poaitfr 
charged,  the  inner  surface  of  the  shell  be- 
oomea  negatively,  the  outer  positively  electri- 
fied. The  opposite  charge  thus  induce.: 
the  inner  surface  of  the  shell,  the  similar 
otuu  induced  upon  its  outer  surface,  and 
the  "liquid  inducing  charge  on  the  internally- 
VtUpeadc  m,  are  all  equal  in  amount 

if  the  shell  completely  or  even  if  it  very  largely  surround  the 
electrified  body  suspended  within  it.  Thus  the  positive  and  tin- 
negative  charges  called   into  existence  by  Induction  are  together 

algebraically  equal  to  aero. 

The  distribution  of  the  induced  charge  on  (he  interior  auri 
of  a  completely-surrounding  shell  is  such  that  on  external  point- 
it  produces  an   effect  equal  and  opposite  to   that  of  the  intend? 
insulated  charge;  the  two  inner  charges  therefore  produci 
no  effect,  upon  external  bodies,  and  the  induced  charge,  on  the  Otttf  r 
surface  is  the  only  charge  which  can  affect  particles  situated  in 
the  outer  air.      The  two  interior  charges  are  bound  to  each  Othed 
for  they    arc   of  Opposite   character,  and   thei 
a  field  of  force  between  them ;  the  outeT  charge 
is  said  to  be  I 

The   distribution  of  electricity  over   the   inner  and 
outer  surfaces  of  the  slnll    is,  if  i  be   >pherical. 

governed  by  the  law  that  the  superficial  density  <r  at 
point  E  is  tr  =  (CE2  ~  CM2).Q/4^CE  Mi:  .  wb< 
ia  the  geometrical  centre  of  the  shell,  and  M  the  point  at 
which  the  ekn^.-  <v>  i-  -iiu.a<-.l.      Such   being   the   law  of 
[button,  the  bum  charge  Q  at  M,  and  the  opposite  charge  -  Q  on  the 
surface  (the  inner  surface  of  the  shell),  produce  together  no  effect  on  sur- 
rounding particles. 

If  the  outer  surface  of  the  shell  I onnected  with  the  surface 

of  the  earth,  the  shell  and  the  earth  become  one  extended  con- 
ductor, and  the  positive  i  m  the  outer  surface  of  the  shell 
is    repelled   to    the   earth's    surface;    it   now    blends    with 
neutralises  the  negat  7e  >      rge  previously  borne  by  the  earth 
consequence  of  the  original  positive  electrification  of  the  indui 
body.    As  a  result  of  this  we  have,  within  the  shell,  a  purely  local 
field  of  force,  restricted  to  the  space  between  the  internal  lv-sus- 
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pended  body  and  the  Interior  surface  of  the  shell,  and  giving  ri 
to  n«»  phenomena  outside  that  cavity. 

If,  on  the  other  hand,  the  insulated  body  within  be  mad< 
touch   the   enveloping  shell,  the   internal   field   of   force   will   be 
dest  hut  the  outer  induced  eharge  will  remain,  distributed 

over  Lin-  » utter  surface  of  the  shell. 

Any  quantity  of  .-l.Ttriniy  may  thus  be  wholly  I 
of  a  hoBoW  insulated  '  if  a  charged    body  bi   modi   to  touch  its 

internal  surface. 

A  sheet  of  tinfoil  eharged.  and  separated  fi*om  a  second  sheet 
by  an  intervening  layer  of  air  or  glass  or  mica  or  waxed  paper, 
will  act  inductively  across  the  dielectric.  The  nearer  surfuee 
of  the  second  sheet  is  oppositely,  the  farther  surface  similarly 
charged;  and  if  the  second  sheet  of  tinfoil  be  connected  to  earth, 
the  similar  charge  escapes  and  the  field  of  force  is  now  aim 
wholly  Ji  mi  :•  thin  space  between  the  two  sheets  or  plates. 

Two  oppositely-charged  conducting  surfaces  thus  separated  bj 
a  dielectric  or  limited  field  of  force  constitute  an  Accumulator, 
or,  as  it  is  often  termed,  a  Condenser.  The  capacity  of  an 
accumulator  is  greater  than  that  of  either  or  both  of  the  con- 
•  I  acting  surfaces  of  which  it  is  made  up. 

Suppose  an  a  1.   Dpofl  .-ondnoting  sphere 

(solid  or  hollow)  Ofxadtttt  It,  tod,  eonoaottifl  With  1 1  »o  sphere,;  i » ell 

whose  inner  spherical  surface  has  a  radius  r.  Ul  the  inner  electrified  sphere 
bear  a  charge  Q  ;  this  charge  act*  as  if  it  were  concentrated  at  the  centre  ami 
prodiKaeiO  i m >t ••  ii t inl,  V  Q  It,  whiili  is  the  same  tinooghoot  md  over  the 
surface  of  tin-  inn.  Similarly,  the  potential  at  any  point  within  the 

outer  j-lu-ll,  dm  t"  fteehargQ      Q  u]xm  it*  inner  surface,  is-Q/r.     Tin- 

i lot  of  the  shell  may  or  may  ii'-t   hive  a  free  charge.      In  any  case,  tin- 
potent iul  of  tie-    joint  system  is  t!i»'  excess  of  it-    in!' ■runl    OV*  Ctttl 

potential.     If  there  hi  no  charge  on  the  external  surface,  the  external  p 
tial  is  zero.     The  total  internal- potential  ia  then  simply  the  dgsllUM  BOB 
the  several  potentials  +  Q/R  and  -  Q/r.  This  sum  is  equal  to  (r-  R)Q  It  r.  Th 
Capacity  of  the  Accumulator  is  J  Quantity  ~-  Potential  J  -  Q  ~  { (r  -  R)  Q/Rr  [ 
—  Rr/r  is  greater  than  the  capacities  of  eitln-r  of  tin-  two  com- 

jKjnent  spherical-surfaces,  these  capacities  being  respectively  R  an 

The  smaller  the  dulhttQM  betffltt)  rand  R — that  in,  the  thinner  tin 
dieleeLrie  hetwe»  i»  tin-  two  metallic  surfaces — the  greater  b  the  capacity 
of  the  r,  and  correspondingly,  the  less  will  1kj  the  potential  t»> 

which  a  giroo  charge  will  roue  it. 

The  nature  of  the  dielectric  between  the  plates  of  the  ac- 
cnmnlatof  is  not  ■  matter  of  indifference.     It  is  found — and  I 
proves  that  in  the  phenomena  of  electric  attraction  the  dielo 
plays  an  important  part. — that  the  capacity  of  an  accumulator 
varies  with  the  nature  of  the  interposed  dial  propor- 


tional  to  a  constant  special  to  each  substance,  and  called  th 
Specific  Inductive  Capacity  of  that  -ul.stance.  A  thickness  c 
3*2  mm.  of  sulphur  is  thus  equivalent  as  a  dielectric  to  a  thicknes 
of  1  mm.  of  air,  and  the  sp.  ind.  cup.  of  air  being  taken  as 
standard  and  equal  to  unity,  that  of  sulphur  is  8*2.  Sometime 
the  sp.  ind.  cap.  of  a  vacuum,  which  difibro  very  little  from  thn 
of  air,  is  taken  as  unity,  in  which  case  the  dielectric  is  the  »tli« 
itself.  The  sp.  ind.  cap.  of  jjlass  rises  sli^hilv  when  the  tempci 
ature  is  increased  (between  12°  and  83°  C,  a  rise  of  2\  per  cent 
All  gases  have  very  nearly  the  lame  itnluctive  capacity,  what 
ever  their  chemical  constitution,  their  temperature,  or  their  den 
sity.  If,  however,  their  pressure  be  increased  or  diminishei 
the  miuutc  difference  between  iheir  sp.  ind.  cap.  and  that  of 
vacuum  is  also  increased  or  diminished  in  the  same  proportion 
.iiiil  conversely,  when  a  gas  is  employed  as  a  dielectric,  inductio; 
across  it  diminishes  its  pressure,  the  gas  then  adjusting  itself  s 
as  to  become  rarer  and  consequently  less  inductive. 

If  a  given  charge  will  raise  an  accumulator  in  which  air  is  the  dielectri 
to  a  potential  V,  ii  will  only  rai.-c  a  similar  a<<  umulator  whose  dielectric  hi 
sp.  ind.  cap.  =  Jb  to  the  potential  V/i ;  and  >in«v  in  the  special  ca 
ducting  material  used  in  the  place  of  a  dielectric  the  difference  between  th 
inner  and  outer  coats  is  zero,  the  $p.  ind,  cap.  of  a  conductor  may  be  cog 
sidered  infinite,  for  0  =  l/oo. 

The  sp.  ind.  otp.  of  i  dielectric  difldnUba  w  iili  the  time,  and  ia  thcK-fot 
difficult  to  measure  directly  ;  and  when  an  accumulator  is  dischaTp-d  fa 
!  ic  communication  set  up  between  its  two  coatings,  its  charge  does  m 
at  once  completely  vanish,  hut  the  condition  of  the  dielectric  is  ap] 
very  similar  to  that  of  a  body  which,  being  imperfi 
slowly  and  irregularly  its  primitive  form  and  candition  after  deformation 
and  it  is  curious  that  the  same  means — vibration,    I  j  ring,  etc.— 

winch  facilit.it.'  the  return  of  ench  a  body  to  its  normal  condition  after 
strain,  facilitate  the  prompt  and  complete  discharge  of  an  accumulator  vfctt 
two  coatings  are  kept  in  moteOk  connection.  On  sending  alternate  chargi 
into  |  fundi  iimt,  tin-  residual  discharge  liberates  them  in  the  reverse  ordt 
(Hopkinson) ;  a  result  strikingly  like  that  of  Boltzmann  with  reference  I 
successive  torsions.      Qmutl  em]  as  a  dielectric  has  one-ninth  the  res 

dual  capacity  of  glass  ;  I  "'land  spar  seems  to  liave  no  residual  capacity  at  al 
and  permits  prompt  discharge. 

The  dielectric  of  nn  accumulator  may  l>ccomc  double-refracting  under  il 
influence  of  Elestrifl  BtlOJB,  which  tends  to  dilate  it  at  right  angles  to  tl 
lines  of  force  :  its  optical  axis  is  parallel  to  the  lines  of  force.  Solids  slowl 
liquids  instantly,  acquire  or  lose  this  condition  of  .-tress. 

The  capacity  of  a  spherical  accumulator  in  which  the  dielectric  has  a  ■ 
ind.  cap.  =k  is&.Rr/r  -  R.    If  the  two  radii  be  very  nearly  equal,  this  inay  1 
taken  as  equal  to  k.^/l  or  (M).**3,  where  t  is  the  thickness  of  the  tli< 
and  this  L-  equal  to  (&/<). (Surface/4*-).     This  last  is  the  general  foi 
the  capacity  of  iar. 
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The  form  of  accumulator  known  as  a  Leyden  jar  usually 
consists  of  a  glass  vessel  lined  internally  ami  - externally  with 
tinfoil.  The  inner  coating  communicates  by  wire  with  a  smooth 
metallic  knob  projecting  externally  iod  insulated  from  the  outer 
coating.     By  oontaol  between  th«-  knob  ami  i  Dondnefeoc 

the  inner  coating  is  charged.  By  induction  through  the 
glass  there  is  produced  an  eled  I  in  the  external 

tinfoil  The  external  surface  of  this  is  temporarily  connected 
with  the  earth.  TIi.t.  after  there  remains  a  Held  of  force  in  the 
glass  between  the  two  tinfoil  OoatingB.  This  may  be  discharged 
by  establishing  a  metallic  communication  between  the  two  coat- 
ings, the  outer  tinfoil  being  first  touched,  then  the  inner. 

A  Li  vi.  n  jar  when  charged  dilates  somewhat,  and  as  it  expands  its 
capai •ltv  ii ureases  ;  the  |  M  competent  to  raise 

the  jar,  sinks  to  a  OBl'Jlopuuding  degree.  When  discharged,  the  jar  ntnket  A 
dull  c  glass  glows  at  tin-  edgM  ol  the  tinfoil,  while  the  internal 

air  Incomes  warm. 

A  submarinK  telegraph  cable  i-.  in  effect,  a  very  long  Leyden  jar.  The 
copper  core  is  the  inner  coating  ;  tin-  guttapercha  or  other  insulator  repre- 
sents the  glass  ;  the  outer  coating  of  ttnibi]  i*  protecting 
iron  wire  or  by  the  bounding  nurface  of  the  sea-water.  WhfD  I  Ohajgp  of 
electricity  ia  pawed  into  a  deep-sea  cable,  the  cable  takes  BOOM  tim ■  to  become 
fully  charged  :  it  then  bear*  an  i  ;  .<:  charge  upon  tin  mi  face  of  its 
copper  core. 

An  ordinary  aerial  t.  legra|>li-wire  is  again,  but 
a  Leyden  jar.      Tbe  inner  the   surface   of  the   wire    itself  j  '!"• 

dielectric  is  tli.'   air;   the  outer  the  surface  of  the  earth.     The 

electrostatic  capacity  of  an  aerial  wire  i-  "mall  BD  lean  with  tliat  of  a 

Miibiiiariru-  cable  ;    but  it   i-  n.-t   ExuSgnifioiIlt 

If  the  two  coatings  of  a  Leyden  jnr  be  slid  past  one  another  so  as  to 
diminish  the  opposed  surfaces,  the  capacity  diminishes  and  the  potential  ■ 
to  the  actual  charge  of  tl  r eases  :   the  potential  may  thus  be  adjusted 

(Sliding  Condenser). 

Batteries  of  Leyden  Jars. — When  a  Leyden  jar  has  its  inner  coating 
placed  in  simultaneous  metallic  communication  with  the  inner  coats  of  a 
series  of  uninsulated  jars,  the  whole  becomes  in  effect  one  tfreat  Leyden  jar 
of  increased  surface,  and  the  jars  are  said  to  form  a  battery  connected  in 
Surface.  The  charge  of  the  first  jar,  bting  then  distributed  throughout  an 
enlarged  conductor,  brings  it  to  a  reduced  [rrrtfintal ;  Ktd  I  nei_v  is  fat  in  the 
production  of  sparks  when  the  battery  is  charged  by  the  first  jar. 

A  series  or  btttttjf  of  Leyden  jars  is  said  to  DC  I -barged  in  Cascade  when 
the  outer  coat  of  one  jar  in  connected  by  metal  with  the  inner  coat  of  the 
next,  and  so  forth,  while  a  charge  is  imported  to  ti  "ating  of  the 

first.      The  dii  potantttl   between  the  inner  coating  of  the  tn>t  jar 

and  the  outer  i  [bated  between  the  jar*  of  the  battery. 

and  thus  the  risk  is  din  any  of  tbe  jars  being  destroyed  through  on 

excessive  difference  of  potential  in  any  one  jar  causing  a  spark  to  pass  and 
perforate  the  glass.     The  eft  tq Q ■■'    '  ■  tliat 

of  a  single  jar,  and  the  difference  of  potential  in  each  of  n  jars  ia  (V,  -  VJ/w, 
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uln  i.   \    .mil  \\  are  the  potentials  uf  the  first  and  the  last  i  |  wheme 

the  energy  of  the  whole  (=  charge  x  potential^ fterence)  is  the  nth  put  of 
the  energy  of  a  single  jar  loaded  with  the  .same  charge  as  the  battery. 

If  the  conductors  surrounding  an  inducing  charge  do  not 
completely  enclose  it,  the  charges  induced  upon  them  are  eadi 
numerically  less  than  tin;  indaa&ng  i -li.u ge,  and  the  sum  of  those 
of  each  kind  is  also  numerically  less  than  that  charge.  In  no 
case  can  the  induced  charges  exceed  the  inducing  chat 

Coefficient  of  Mutual  Induction.— The  Coefficient  of  Induction  of 
a  conductor  A  on  a  conductor  D  is  the  ratio  of  the  Charge  (or  change  of 
charge)  developed  in  B  to  the  Potential  of  A-  It  can  be  proved  that  the 
BQBfida&t  of  induction  of  A  on  B  is  always  equal  to  the  converse  coefficient 
of  B  on  A  ;  and  this  reciprocally  valid  coefficient  is  colled  the  Coeffici- 
of  Mutual  Induction.     It  depends  upon  the  relative  positions  «»f  A  and  B. 

Inv*  itiie.'  the  statement,  a  unit  charge  on  either  body  will,  by  induction, 
alter  the  potential  of  the  oUttX  bj  OH  l&KKmt  equal  in  I"  1I1  iM.-i-.-. 

The  effect  of  induction  is  Been  when  an  electrified  ly — 
such  as  a  glass  rod  rubbed  with  a  dry  silk  -  handkerchief — is 
brought  into  the  neighbourhood  of  light  bodies  suspended  «ir 
floating  in  the  air.  Over  each  of  these  bodies  there  is  a  separa- 
tion of  electricities ;  the  aspect  nearer  to  the  inducing  body  is 
charged  with  electricity  of  the  opposite  kind,  and  is  attracted ; 
the  farther  aspect  is  charged  with  electricity  of  the  same  kiiul, 
and  is  repelled,  hut  to  a  less  extent,  because  it  is  more  distant ; 
its  charge  not  being  "bound"  is,  besides,  more  readily  dispersed 
into  the  .surn»unilin^  air.  On  the  whole,  these  light  bodies  are 
attracted.  If  they  come  in  contact  with  the  inducing  I- 
they  acquire  a  part  of  its  charge,  and  are  thereupon  repelled. 

As  another  effect  of  imluction  we  find  that  while  two  Mini  lady-charged 
bodies  at  the  same  potential  within  the  same  field  will  always  attract  one 
another,  yet  if  they  be  not  at  the  same  potential,  the  one  of  higher 

potential  will,  by  its  presence,  alter  the  distribution  of  electri  the 

other,  the  weaker,  in  moh  B  sense  that  the  weaker  one  may  even  become 
oppositely  charged  over  the  nearer  aspect,  and  the  attraction  of  the  mow 
highly-charged  body  for  this  aide  of  the  weaker  may  prevail  over  ita  rvpul- 

of  the  farther  -Me  :  ami  on  the  whole,  two  such  bodies  will,  if  th. 
placed  at  a  sufficiently  small  distance  and  if  no  spark  pass  between   tl 
attract  one  another.      In  a  certain  intermediate  position  there  will  l>e  unstable 

ibriuiu,  and  at  all  greater  distances  there  will  l>e  repulsimi. 

When  a  conducting  body  is  brought  into  the  neighbourhood 
of  a  system  of  insulated  and  charged  conductors,  the  energy  of 
that  system  falls,  for  the  interposed  hody  causes  by  its  presence 
a  redistribution  of  the  charge  of  the  system  ;  and  such  a  redistri- 
bution of  tho  oha  LBea  a  fall  of  the  potential  and   therefore 
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of  the  energy  of  the  system.      It  the  body  introduced  be  a  dielec- 

Ehi  effect  pn  -  similar  but  smaller. 

Electric  Screens. — A  oonduotiag  sphere  surrounding  au  in- 
sulated electrified  body  and  oonoaeked  with  the  earth  will,  as  we 
have  seen,  shelter  an  external  particle  from  the  inductive  action 
of  the  enclosed  electrified  body  ;  and  conversely  it  will  shelter 
tin-  interna]  eieotiifled  bodj  from  the  distribution-disturbing  and 
potential-lowering  Hifffflffiofl  ut  the  outside  particle.  A  screen  of 
perforated  tinfoil  or  a  cage  of  wire  gauze  has  nearly  an  equal 
effect :  such  screens  are  used  to  protect  delicate  instruments  from 

inductive  effect  of  external  electrified  bodies. 

The  place  of  n  enveloping  sphere  may  be  taken  by  a  plate 
of  metal  connected  with  the  earth.  If  the  diameter  of  this  be 
infinite — or  practically,  if  it  be  very  great  as  compared  with  the 
distance  between  the  electrified  and  the  protected  particle — the 
screening  action  will  be  perfect. 

In  Fig.  201,  A  is  an  ii  body  positively  charged  by  a 

galvanic  battery  or  ii  frirtional  electric  machine;  1)  is  a  huge 
metallic  screen ;  Ii  is  a  ri*.soi. 

metallic  body  connected      +  <..) 

by  a  wire  with  the  ear  I 
this  wire    passes   round 
the   magnetic  needle  of 
a  (Jalvanoineter,  Q  ;   the 
screen    1>   is   suddenly  remov.-.l  \  there   is  a  Midden  separation  of 
eleel  in  B:  a  positive  charge  escapes  round  the  galvano- 

meter ami  deflects  its  needle  by  an  instantaneous  twitch. 

Th.-  phenomena  of  electricii  re  very  similar  in  their 

nutheumtical  aspect  to  those  <>f  the  Btaaq|  Bo*  ol  Beat  ;  eQAllpoteoJil]  sur- 
t  hernial  surfaces  ;  lines  of  force  represent  lines  of  How  of 
.  ajKroific  inductive  capacity  lakafl  tin-  plaoe  of  conductivity. 

Again,  the  calculation  of  the  variation  of  the  force  throughout  a  dielectric 
Held  Nasniblfli  very  closely  that  of  the  distribution  of  the  flow  in  a  stead  ih  - 
flowing  mass  of  fluid  ;  jus!  ii*  the  stream  line-"  in  a  field  «»f  liquid-flow  may 
be  held  to  exert  lateral  pressure  upon  one  anofi  the  lines  of  force 

in  an  electric  field  laterally  repel  one  another,  at*  i«  specially  manifest  at  the 
surface  of  a  conductor,  when  the  etaaonl  .another;  in 

i  of  the  tubes  of  fofCO  "-r  lulus   aj  So*  the  ptodnet  of  the  fa  the 

How  into  the  f TOil  eoftlmul  area  is  constant  (Law  of  Continuity  in  Hydro- 
dynamics):  and  the  energy  per  unit  I  in  a  Bold  of  force  or  of  flow 

i-  at  ..nil  pooHl  anawrieaUgr  final  ta  the  1 1  ■•-:•  ootojl  be  oi  bjrdmeflatk  proem 
]«r  unit  of  area  at  that  point 

In  Faraday  and  Maxwell's  theory  of  Bther-OtlQWj  the  flow  of  charge  across 
an  electrified  mirface  is  insisted  on  ■  thin  Mow  occur-  a  separation 

of  electricities  takes  place.      \\  ben  •  tliin  insulated  sheet  of  tinfoil  ii  fi]>osed 
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to  the  inductive  influence  of  a  c!  mlui  t.-r,  there  iR  a  separation  of 

positive  from  negative  charge  acroae  the  conductor  influenced,  and  on  each 
there  is  a  charge  induced  who.-.-  density  is  <r.     The  quantity  of  .-lev -t li- 
cit y  tlmt  Induced  to  Bow  in  either  direction  is,  over  any  given  area  A,  aqua] 
I  .it:   tliN   quantity   is  equal    to   A.K  1-,  ltn06   F  =  4?rtr.      If  any   oUMl 
1   ''trie  than  air   intern mo  between  tihfl   initio  in  uid  the  conductor 

acted  upon,  the  qui  I  flow,  the  so-called  Electric  Displacement, 

is  &.A.F/4*\      A  conductor  offers  no  perm  btmofl   to  the  displace- 

ment. «>f  an   elootrifl   charge   through   it,  and  as  long  as   there  il  maintained 
between  1 1  actor  a  permanent  diflereni  I  of  potential,  so 

will  the  tin i  i  duoed  I  <•  pgntfainonelj  reUerod  by  an 

electric  flow  or  Current  :  but  in  a  non-conductor  the  extremities  may  remain 
under  ■  permanent  difference  of  potential,  i  permanent  stress  or  stat'- 

isilii'ii,    for    the    Electric    Displacement,    the    How    Hfe  up   in   the   tirat 
instant  of  exposure   to  ATOM,    DJ  arrested  by  a  certain   Electric 

Elasticity  of  the  Dieleotric,  winch,  being  represented  by  the  fract 
electric  stress  force  acting  across  each  unit  of  area 

=   ? —  ; =  F  —  (jfc.F/'4ar)  ■« 

icslr.iiii         quantity  «>f  flow  B0TOH  each  unit  of  aira 

•i-  /.-,  ii  Invaroelj  proportional  to  /.,  the  ipeeific  Endni tivt-  capacity  of  the 

dielectric.  The  energy  of  unit  volume  of  the  dielectric  is  the  product  of  half 
the  displacing  force  into  the  displacement  at  the  DOttndtBg  surface;  i.e.,  it 
=  AF(A;.FA/47r)  =  fc.F2/87r  when  A=  1;  and  this  IU  equal  to  ft,  I 

pressure  IflRMI  unit  ana  of  the  K.unding  surface  or  the  dielectric. 

Dimensions  of  Electrostatic  Measures. — The  Absolute  unit  of 
Quantity  of  eleciriniv  is  %  qe unity  which,  placed  at  a  certain  distance 
from  a  similar  and  equal  ehafgtj  repell  it  with  a  certain  force.  The  force 
between  two  at  a  given  distance  fa  therefore  equal  to  (Product 

of  Quantities) 4- (Distance-').     Tlie  Dine maku I  of  this  expression  arc  [Q]  x 

!Q]  -r  [L2]  ;    but   the    dimension*   of   I    farm    are    otherwiM    known    to   be 
KLJm  j  whence  [Q-;L*]  =  [ML,,T2]  and  [Q]  =  [M*Lt/T]. 

Density  o- ;  quai  ctricitv  on  a  given  area:  its  dfanenalosi  are 

those  of  (Quantity)  --  (Area),  or  [<r]  =  [Q]  -=-  [L-']  =  [Ml/LIT]. 

Difference  of  Potential,  E:  quantity  of  Work  required   to  move  a 
quantity  of  electricity  from  one  point  to  another  :  its  dimensions  are  those  of 
Wurk  done)  -:-  (Quantity   moved)  ;    whence   [E]  =  [ML- T-l  -^  [MH.     I  |  - 
(MiLim 

Electric  Force,  or  "Electromotive  Intensity,"  F  :  the  Electric  Force 
at    any  point  in  a  field  il  the   mechanical  force  acting  upon  a  unit  quant 
of  electricitv  placed   there  :  it  i>  therefore  equal  to  (Quantity  x  unity) -r(Dis- 
'  >,  and  its  dimensions  are  [F]  =  [Q/L2]  =  [M*L?/T]  -=-[L  I  ,*T]. 

Capacity,   C  :    the   Quantity    ueeejeaiy  to  produce   a  certain   rise    of 
Potential:  ita  dimenaSom  are  those  of  (Quantity)  :  (Potential  difference) ; 
[C]  =  [MiU/T]-f[M»Ll/T]  =  [L]l  i  Length  mimj.Iv.     The  relative  capacitiee 
uilar  form  are  simply  proportional  bo  their  diameters. 
Specific    Inductive    Capacity,    /.  :     tin-    ratio   of  two   quantities   of 
ty  developed   under  similar  <i  re u  instances  :  it    a   therefore  simply  n 
Numlwr  :  its  dimensions  are  accor-i in.: .   0 

Ooeffieient  of  Induction;  the  ratio  of  a  Charge  developed  to  a 
Potential  inducing;   Quantity -r  Potential  ;  [M»LI/T]-r[M*L*/T]  =[L) 
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\tiox  of  DnraB&fcn  en  Potkstial. 

Observation  of  Differences  of  Potential  is  effected  by  means 
of  instruments  called  Electroscopes  ami  Electrometers;  the 
former  indicate  the  nature,  tin  latter  measure  the  amount,  of 
differences  of  potential 

Gold-Leaf  Electroscope. — A  glass  flask  with  a  vulcanite  topper: 
through  tin*  stopper  passe*  a  metal  rod  surmounted  by  a  metallic  spin 
plate  md  terminated  betow  by  a  pair  of  tutHy-muty  ipe  of  gold  leaf. 

If  the  metallic  part  of  tin-  <  ged  by  contact  with  an 

tied  body,  the  gold  letTOfl)  be* souring  similarly  charged,  repel  one  ni: 
md  diverge,  slightly  if  the  charge  bo  bobs*,  widely  if  it  Imj  great.     The 

MOjpi  ma\  al.-o  bl  ttTiijM  >raril  \  charged    liy  induction:  a  +  electrified 
body   brought   into  the  neighbourhood  of  the  inhere  or  plate  causes  that 
rin'     o    piste  to  beooone  neg^ively,  while  the  more  distant  gold  Lesvei 
withiu  the  H.i-k  |M  positively  charged.     If,  while  the  electroscope  is  ele« 

d  u  Btaa,  Eti  upper  extn  dp  :  bj  the  i 

nientcr,  the  jolt  I  -  for  their  charge  escapes  to  the  eaith  :  the 

plate  or  sphere,  however,  retains  its  charge,  ami  when    the   inducing  1  i 
removed,  the  op-  rge  borne  by  the  xphcre  or  plate  boOOBMI  free  to 

distribute  itself  <«ver  all  the  metl]  of  the  elaetrOOOOpe,  Bid   the  leaves  again 

diverge,  for  Aa  hutnment  ii  son  pi  Doanendjf  eheigedi 

If  th'  i'T'fcCopc  be  permanently  charged,  the  approach  of  I  bodl 
similarly  ohaiged  will  cause  a  further  divergence  of  the  loaVOI  :  the  approach 
of  a  body  oppositely  eharged  will  cause  the  leaves  to  repel  each  other  with 
less  fort-  :   whence  the  nature  of  tie  ation  of  a  given  charged-body 

can  be  ascertain-  •  I. 

The  dsflc  OM  in--  «|u  'Ii 

t.itive,  not  accurately  quantitative  ;  ami  that  the  glass  doei  rmt  IborOQghly 
screen  the  gold  leaf  boa  the  direct  Ind  Eternd  -I 

bodies.     In  order  t<>  the   inner  surface  of  the  flask 

is  sometimes  lined  with  j  I,  IB    -'•    whole  is  surrounded  by  a 

cage  of  wire  nsufc 

Th.-  poldMoof  olei  1 1 tjeoo] »>  is  lt  development  of  enlier  hntmmenta|  in  which 

straws,  plain  balls  of  elder-pith,  or  gilt  pith-balK  were  .-mploved. 

In  the  discharging  aleotfOMO]  when  they  diverge, 

come   in  contact   with   two   metallic   upright*  which   < •..nimuni.  ate   with    the 
they  are  tlius  discharged  and   QoUepee,  again   '»   '  di   the 

number   of  oncillatiun    of   tie     gold    leave*   aflbrda   a   rough    0000100   of  the 
quantity  of  electricity  borne  by  a  conductor  which  is  discharged  to 
through  such  an  electro* 

Peltier's  Electroscope. — A  vertical  brass  ring,  insulated  ;  atta.-h.-d 
.uncr  circumference,  if    the   lowest    ]».int,  a   vertical    pohrted  wdj  00 
the  pointed  rod  is  poised  .-lther  n  magnetic  needle  OC  elflfl  B  metallic  rod 
whose  direction   is  determined  by  a  Bniall   magnetic   needle  attached   t>>   it. 
The  whole  is  turned  round  a  vertical  axis  m  ling  and   the  poiaed 

metallic  rod  lie  in  the  same  plane.  If  the  ring  be  charged,  the  charge  is 
ahared  with  the  poised  metallic  mass,  and  the  ring  and  the  poised  mass  repel 
one  another  ;  the  latter  swings  round  until  tie-  for-,   of  cl retried   "  l 
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is  lmlinfi-d  !iv  tlit;  ti-ndeiu-y  of  the  mflgUBt   U>   point    I"    the    tnagnetSfl   north 

.mil  south.     This  instrument  may,  by  imparting  to  it  a  series  of  successive 

kn<»\vn  charges,  be  so  adjusted  as  to  net  .1-  an  alei  tromcter. 

Bohnenberger's  Electroscope. — Two  vertical  dry  piles 
\\k  "'i.')".  the  one  with  its  +  pole,  the  other  with  its  — pule  upper- 
most; between  these  oppositely-charged  uppermost  poles  there  is 
a  field  of  force,  within  which  a  strip  of  gold  leaf  is  suspended. 
[foneharged  bide  strip  hongs  vertically;  iF  charged,  it  is  repelled 
■  by  one   pole   and  at- 

tracted    towards    the 
other. 
-\-  Instead  of  two  piles, 

the  two  extremities  of 
one  ami  the  same  dry 
pile  may  be  used  to 
make  such  an  eleotto- 
*  -  +■  B       scope.    In  Kg,  202  AB 

is  a  dry  pflfi  whose  poles  are  connected  with  the  metallic  plates 
C  and  D,  between  which  there  is  thus  formed  a  field  of  force, 
in  which  the  gold  leaf  K  is  suspended. 

On  the  same  principle  the  Quadrant  Electrometer  of  Sir 
William    Thomson   is    based.      In    Mg,    203    the   two   opposite 
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quadrants  A  and  I>  are  connected  with  one  another  by  wire, 
but  an:  insulated  from  B  and  C.  A  and  I)  are  thus  at  the 
same  potential,  while  I*  and  C  are  also  at  the  same  potential, — a 
potential  which  may  differ  from  that  of  A  and  D.     A  and  D  may 
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be  brought  to  the  potential  of  tin-  <-arth  bj  humus  of  ft  wire  e«l- 
nected  with  gas  or  water  pipes;  B  and  C  may  be  brought  to  the 
potential  of  any  given  object  by  connecting  them  with  it  hj 
mams  of  a  wire*  The  qnadzanta  A,  D,  and  B,  C,  are  thus  at 
different  potentials,  and  a  metallic  needle — an  aluminium  needle 
of  a  Hat  dumb-bell  shape — will,  if  it  be  BOSpended  symmetrically 
n\»-r  tbfl  «|it;i«hant8  by  means  of  faro  threads  arranged  parallel  to 
one  another,  and  If  it  be  kept  charged  by  constant  connection 
with  one  coating  of  a  Leyden  jar,  which  may  be  replenilhed  wli. u 
necessary,  impose  a  certain  amount  of  torsi- -n  apon  those  two  sus- 
pending parallel  threads;  the  amount  of  tliis  torsion "WlD  itnlii 
the  nature  and — approximately — the  amount  of  the  difference  oi 
potential  between  the  two  pairs  of  quadrants,  and  therefore  between 
the  earth  and  the  object  whose  Potential  ia  to  be  measured. 

If  the  quadrant*  be  made  hollow,  ami  the  needle  suspended  within  'I 
Ok-  arrangement  is  better  adapted  for  electromctric  purinises. 

The  whole  arrangement  is  well  adapted    lor  testing  the  adjustment  to 
equality  of  the  ]»oteuLials  of  two  bod 

The   amount  of  deflection    of  the   suspended    needle   may  be 
observed  by  connecting  with  it  a  very  light 
mirror,  upon  which  a  very  narrow  beam  of 
ligfct  shines  ;  as  the   needle   is  deflected   the 

i«am  of  Light  reflected  Cram  the  mined 
deflected  through  an  angle  bwioe  as 

that  of  the  deflection  of  the  mirror;  and  the 
beam  of  light,  if  received  upon  a  distant  seal- , 
thus  acts  as  a  weightless  pointer. 

Upon  the  scale  the  deflection  <>f  the  spot  of  tight 
maybe  read  off;  that  deflection  ll  pfOpOCtiaBs]  to 
Mm  tangent  .»i  twin  tin-  angle  oi    I         on  of  the 

mirror:  faf  small  angh-n  it  is  nearly  proportional 
directly  to  twice  the  mgll    Pig,  161). 

Coulomb'8  Torsion  Balance. — A  long  v.r- 
[i  A  dandec  hunt  win  or  silk  Bbn,  ah,  fig,  804, 

by  which  there  i*  suspended  in  a  horizontal  position 
B  thin  counterpoised  rod  of  glass  or  shelh -,  CDt 
which  bears  at  one  of   Eta  extremities  a  Utile 

re  D.    in  one  pontic*)  of  the  suspending  win 

,rilt  ajhan  D  comes  into  contact  with  a  sphere- 
andad  natal  rod  EF:  Qua  rod  ptojocta  Unongti 

walls  of  the  glass  case  in  wlii.li  the  whole  is  encaged, 
and  i  [••  insulated.    T 

< -xternally  in  a  sphere   tt\  whi-h   may  be  charged  by 
t  with  an  electrified   body,  wtuih  m  t  proof* 
plane.    A  proof-plane  is  a  small  metallic  disc  prorided  with 
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ing  glass  or  ebonite  handle.     It  is  u  tog  the  disc  upon  the  surface 

of  an  electrified  body  :   vhon  1  in-  disc   i*  withdrawn  it  been  with  it    i 
j-iMportional  to  tli  l><>rne  by  that  part  of  the  nrnee  of 

the  electrified  Ii.hIv  with  phioh   it  had  been  placed  in  contact:  it  is  then 
made  to  touch  the  sphere   K  of  the  torsion  balance.      EF  being  char. 
the  two  sj>liiri-',   F  and   1>,  when   they  come    in   contact,  become  charged 
with  electricity  of  the  same  kind  and   rape!  0B£  another  :  they  do  this  until 

brimn  between  the  electric  cepnlnoa  Bad  the  torsion  of  the 

ling  wive  AB.    The  proof-pbuu  maty  be  oeod  directly  En  the  place 

•  i  BFj  lad  tattetd  of  a  proof-plene  ■  preof-ephere  meg  be  need  when 

ivature  of  the  body  whose  charge  is  to  be  examined  is  but  small. 

Different  charges  may  be  compared  by  comparing  the  amounts  of  torsion 
necessary  to  bring  tint  two  mutually-repellent  bodies,  D  and  F,  to  equal  i 
tances.  A  jiivliminary  charge  il  given  bo  the  ball  D;  a  charge  Q  <«f 
same  kind  is  imported  to  F,  or  brought  in  by  a  proof-plane  or  proof-sphere. 
Lei  the  repulsion  between  Q  and  the  charge  on  D  be  nob  that  the  suspended 
horizontal  fibre  makes  an  angle  FBD  of  10"  with  that  position  in  which  D 
is  in  contact  with  F,  while  the  upper  end  A  la  twisted  in  the  contrary 
direction — -so  as,  as  it  were,  to  tend  to  force  F  and  I)  together — through  on 
angle  of  410";  the  total  torsion  of  the  wire  AB  is  420".  Now  remove  the 
charge  Q  and  substitute  |  charge  Q';  the  index  at  A  indicates  95°  of  rota- 
tion then-  when  D  is.  in  it"  former  position:  the  total  torsion  of  the  wire  is 
now  105°.  The  charges  Q  ami  Qf  are  proportional  to  the  tornoni  which  their 
repulsions  balance ;  and  Q  :  Q' :  .  4  :  1 . 

Coulomb  also  made  u>*e  of  the  method  of  oscillations  (p.  38):  he  swung 
an  electrified  needle  in  presence  of  an  electrified  ball;  the  duration  of  the 
oscillations  varied  ojs  th  ;  but  the  duration  varies  inversely  ns  the 

square  root  of  the  force  acting:  therefore  the  force  act!  lv  as 

the  square  of  the  distance.     When  the  distance  is  kept  fixed,  the  charges  of 
the   needle   or  ball   being  varied,  the   d  of  the   oscillations  vary   in- 

versely as  the  square  root  of  the  varied  charge. 

The  Absolute  Difference  of  Potential  between  two  bodies 
may  be  ascertained   by  measuring  fche  attraction  between   i 
metallic  plates  which  ore  respectively  connected  by  metallic  wires 
with  the   two  bodies  in  question.      In  Fig.  205  AB  is  n  galvanic 

battery,  the  eitremil 
of   which    are    perma- 
nently at  different  po- 
tentials :    it  is  desired 
to    find   the   difference 
between    these    poten- 
t  ials.    Connect  A  and  B 
with  the  plates  C  and  I  v 
The  field  of  force  between  0  and  D  is  uniform  at  its  centre.    D  is 
fixed.     But  E,  the  central  part  of  0,  is  movable.     The  attraction 
between  E  and  D  may  be  measured  by  observing  the  distort 
I   Spring  which   tends  to  pull  E  upwards  while  the  electrical 
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attraction  tends  to  pull  E  downwards,  this  observation  being 
made  whes  tin-  distance  <>f  I>  is  so  adjusted  that  the  lower  sur- 
face of  E  is  Hush  with  tint  of  OL  It  is  sometimes  found  advan- 
tageous in  the  use  of  instruments  of  this  kind  to  connect  D 
alternately  with  B  and  with  the  earth:  the  Bptmg  tends  to 
become  ditteicutlv  distorted  in  the  two  cases,  and  in  order  to 
render  rtioo  equal  in  both  cases  the  distance  of  1)  must 

be  varied.  The  amount  of  approximation  ox  retraction  of  D  may 
be  measured  by  a  micrometer-screw. 

The  spring  which  keeps  up  E  against  the  attraction  of  I>  mas- 
be  replaced  by  transforming  E  into  one  pan  of  a  d< -li<  nee, 
of  which  the  other  pan  may  be  loaded  with  known  weights. 

The  potential  <>f  E  i*  \\;  timt  of  l>  potential 

to  be  measured  in  Vu  -  V„  :   the  fcwa   in   the   anifbflU  Held  of  tone  between 
E  and  D  is  uniformly  equal   t«>  (V.  -  V„W,  where  t  i-  the  thi.kne**  of  the 
dielectric  ;  it  is  aho  uniformly  ecpul  t<»  -l-ir.     The  total  attraction  Ut . 
two  plates  E  and  D  tf  theattnctaou  of  the  plaii  i> 

for  every  little  element  of  the  MU  Tin-  ;«tti ;ii:t i- «n  of  a  large  plate 

of  superficial  density  cr  tor  a  unit  of  quantity  placed  opposite  it*  centre  is  2ircr 
(p.   177,  (U));   Goff  the  whole  nn&Ofl  of  E.  ;i   Nffifcoe  i»l*  urea  S  and  superficial 
density  </\  it  is  2tt<t  x  So-  =  2ir&r\     But  since  At<t  =  (V.  -  VD)/f,  as  ah 
<r  m  (V.  -  V„)/4irl;  and  therefore  the  Attraction  -  2ttSo--  =  S  (V.-  Vrf/Birt1, 
which  is  equal  to  T,  the  Tension  of  the  spring.     The  Difference  of  Potential 

in  libeolBti  BBearaenient  i-^  thus  V,  -  VB  =t  vflrT  s,  En  wniofa  exnte 

t,  S,  and  T  am  l>c  dim  th   measured. 

Since  <r  =  (V.  -  Vp)/4r7  per  unit  net,  the  cham  09  tbl  atlmeted  cir- 
cular disc  of  radius  r  is  ( V,  -  V„  )  r-  4'  the  eajMC  -\  stem  is  therefore 
r*/4<,  and    can   thus  be   met  ely.      St. 

capacity  can  thus  be  uunetiueted, 

When  D  is  connected  with  H,  tin  [eopoctive  potentials  of  E  and  D  are 
YA  and  V, ;  and  \'A  -  V.,  the  difference  of  potential  between  the  extremities 
of  the  pile,  i>  equal  to  t  v^StT/S.  When  D,  instead  of  being  connected  with 
li,  its  connected  with  the  earth,  its  potential  becomes  zero;  and  when  D  is 
brought  by  it*i  in  eUion  that  the  plate  E  u^'ain 

aaiumes  a  pooition  lob  with  the  fixed  gnaidrirfng  •',  the  benalon  T  of  the 
spring  is  the  same  as  before,  and  VA  -  V^^  =  V4  -  0  »  tt  v  oVT/S^  where 
»f  is  the  new  distance  between  the  platOO.  Hence  V,  =-  (t4  -  t)  sf%-r;'\ 
ill'  Potential  of  B  is  easily  measurable,  for  (t  < ;.  tl ■•  dha&gl  Of  distance 
between  0  and  1),  b  much  mure  easily  luea-uriihle  than  >,  the  absolute  dis- 
tance b  I  ii'-in. 


Production  09  Ihfff.t:kn(K  op  Potential. 

Ti  ■    i  i  of  Different'*)  of  I  .1  is  the  Contact 

of  dissimilar  surfaces — that  is,  either  of  different  substances,  or 
of  two  pieces  of  the  same  substance  whose  surfaces  are  in  different 
conditions.     A  piece  of  resin  and  u  piece  of  glass  will,  after 
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tact,  be  more  difficult  to  pull  asunder  than  two  pieces  of  ri 
or  two  pieces  of  glass :  and  if  they  be  rubbed  together,  so  as  to 
multiply  the  points  of  contact,  the  effect  is  multiplied.  Whiui 
pulled  asunder,  two  8HCh  bodies  are  found  to  be  charged  equally 
oppositely:  ACTOSfl  fchfl  surface  of  contact  there  has  been,  a 
.Separation  of  positive  from  negative  electricity.  The  develop- 
ment of  aleotrioaJ  condition  is  thus  necessarily  a  phenomenon  of 
continual  recurrence :  and  it  greatly  inflneocea  the  adhesion  of 
one  body  to  another.  In  all  probability,  wherever  there  is  friction, 
the  energv  ultimately  converted  into  heat  is,  in  the  first  place, 
converted  into  the  energy  of  electrical  separation. 

Wh.-n  two  substances  have  iiitfi-Fvni  niiiicciiluv  velocities  at  1 1 1 ■«-•  i i •  common 

■.u;e  of  mutual   contact,  the   moftecolM   hamper  .me  another  and  B 
lost:   tlii-  ••rur-v,  form  'fly  that   of  molecular  motion,  now  takes  the  Bom 
tin-'  Within  the  interior  of  a  homogeneous 

body  ill''  same  thing  mn-t  happen    1m-i  soles  whOBS  vcloci- 

uv   different;   hut,  all    being  alike,  ami    the  average  molecular  velocity 
being  Hm  ii i. is-,  there  i*  on  the  whole  no  effect. 

When  two  metals  come  in  contact  they  at  onee  assune- 
potentials  :  at  the  surface  of  contact  there  is  an  elect  r 
cal  separation,  but  each  metal  is  equipotential  throughout  its 
volume.  The  difference  of  potential  produced  varies  (1)  with  the 
nature  of  the  metals,  (2)  with  their  temperature  at  the  sur- 
face of  com  I  (3)  with  the  nature  of  the  intervening 
or  surrounding  gas,  if  there  be  any. 

If  a  metallic  disc  be  composed  of  four  quadrants,  solder,-. I 
together  and  consisting  alternately  of  zinc  and  copper  respectively, 
the  zincs  are  permanently  nt  a  positive,  the  coppers  at  a  nega- 
tive potential  It  the  disc  be  arranged  horizontally,  a  needle 
iled  horizontally  ova*  the  centre  of  the  disc  will,  if  it  be 
eh&IgBd  with  positive  electricity,  be  repelled  by  the  positive  zincs 
and  attracted  by  the  negative  coppers,  and  it  will  therefore 

round  bo  ae  to  lie  over  the  copper  quadrants;  while  if  it   he 
charged  negatively  it  will  come  to  lie  over  the  zinc  quadras 

The  needle  may  he  so   suspended  by  two  threads  that,  when  un- 

Bged,it  lies  along  ■  diameter  of  the  disc,  a  diameter  coinciding 
with  a  line  of  junction  between  quadrants. 

Take  an  electroscope  surmounted  by  a  copper  plate,  varnished  on  it* 
upper  side;  upon  this  phite  lay  a  cine  plate  varnished  on  it.«  lower  a! 
these  plates,  separated  by  the  varnish,  act  as  an  accumulator.    Bring  a  coj-  ■ 
and  a  zinc  plate,  both  of  which  art;  unvarnished  and  insulated,  into  contact : 
separate  them;  with  tlit-  due  touch  the  zinc,  with  the  copper  the  00] 
the  accumulator.      Repeat  this  operation  several  times:  then  remove  the  rinc 
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plate  of  the  accumulator:  tin-  eoppez  is  found  to  be  strongly  charged  w 1 1 1 1 
negative  I  in  fHisitivilv  charged. 

Copper    lilinpi   falling    through   II 
that  funnel,  curry  with  I  hem  a  negative  charge. 

In  Fii:.  206  a  zinc  plate  Zn  and  a  copper  plate  Cu  are  I 
nected  by  a  copper  wire.     They  assume  different  potentials,  +  .',  K 
ami  —  \  K.aml  the  differ-  n*** 

i  i  i  litiuls  is  con- 
stant  =  E.  The  point  cu  | 
of  elertrical  separation 
be  point  of  contact 
of  the  copper  wire  with  Cu  | 
the  zinc  plate.  If  the 
copper    plate    be    con-  ^-E*rth 

etxth,  its  potential  becomes  =  0  ;  bat  the  (tifferao 
potential  remains   constant,  and  the  potential  of  the  zinc  rises 
tVtuii  +  \v.  to  +  Ei 

Within  the  fieM  of  fotM  !>■  '  b  plate*  arranged  with  an  interven- 

ing dieh-r.tric,  F  =  47rtr  =  const.  =  (Vrjl  -  V,.') ;kf,  win-re  t  is  tin.-  thickness 
of  the  dielectric,  and  Vc-I  V^,,,  tin-  poteotiill  of  tlir>  topper  end  the  zinc 
respectively.     J I  ty  #/  =  (V^  -  VCi)/4»to ;  hut  if  tin* 

numerator  of  this  fraction,  the  difference  of  potent  U,  be  wnetSJlt,  as  it  is 
•w  »  metal*,  tr  ■  const,  x  (I ft),  or  <r  oc  (I ft).     The  nearer  the  plates 
are  to  one  another  the  greater  is  their  tendency  to  discharge  theraseh 
spark.     The  striking  distance  varies  with  the  density  o*;  thir- 
as  the  dbtB  n  the  plates;  and  if  wi:  lUggKae  the  plate*,  nominally 

ill  contact,  to  be  at  a  mean  moleeolsf  dfatmdB  of  about  goo<A>Oon  ''"'•.  fli 
:  .it  if  0m  ooppn  end  tin-  /mc  could  bt  separated  from 
one  another  before  their  charges  are  allowed  to  recombine,  tiny  would  then 
spark  across  20  feet  of  air.  Tiny  ounoi  bi  so  removed,  fur  tln-v  almost 
wholly  discharge  theuis*-)  •  ifmr   being  plained  in  conta-t,  they  are 

I  asunder,  and  :  tins  in  tli.rn  only  a  mfllml  charge  of 

*mall  density,  wl,i.  Ii  tiuiei  ••:>     lightly  in  amount,  u  -the  mode 

III  wlii.li    tli<  \    in.-    polled    asunli.       't'li  muat  tin  ■< 

even  though  tin*  masses  in  contact  seem   to  lie  at  rest,  be  constantl 
charging  and  i  jpeJUtfOB  of  <•!• 

Non-conductors  iu  contact  also  become  electrified;  but  only 
on  theil  surlar.es   of  eontart.      "When   they  are  separated  their 

linal  discherge  u  inoomplete,  end   the  residual   charges — their 
superficial  distribution  being  restricted   bo  those  parU  of  the  sur- 
•.vhi'.h  have  been  moat  nearly  in  AOtasJ  OantftOt — are  small 
iu  quantity  but  of  gr>  i y,  ami  therefore  of  high  potential  ; 

and  as  these  charges  are  Dot  diffused  by  conduction  over  the 
whole  Burfeoe,  their  potentials  remain  high  after  separ.ti 
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When  sulphur  ii  DM  I  gloss  test-tube,  after  cooling  the  sulphur 

is  found  to  ben  permanent lv  B  acgatftw,  the  glass  a  positive  charge. 

In  the  fallowing  series,  due  to  Faraday,  each  member  becomes  positively 
charge 1 1  when  rubbed  on  one  following  it,  negatively  when  rubbed  on  one 
j.:-. .  ,o  I  ti  ■  it:  Cat  and  Bearskin-  Flannel —  I\.-.iy —  Pcitlwi  Rock  <"iv-*:d 
—  Flint  Glass — Cotton — Linen — Canvas— White  Silk — the  Hand — Wood — 
Shellac— the   Metal-  (  4-  Fe,  Cu,  Brass  Sn,   Ag,   Pt) — Sulphur.     There  are 

tin  irregularities  here  to  be  obtBI  I  ed  -  for  example,  ■  leather  lightly  drawn 
,i  piece  ol  otnvii  bteoBBW  uegatiwly  « 1 1.  r.i-i ti •■- 1 .  p  iwd 

lhiv.u-h  ■  pnottd  f"ld  of  OflDVM  It  becomes  pod  lively  charged. 

The  separation  of  electricities  by  c«jii tact  and   friction  Lb  utili 
Mu-i one  bnsfl  frictional  machines,  vrhich  range  in  com] 

Iimiii  ■  -imp!,  [.it  i e  of  sealing-wax  or  a  glas*  rod  robbed  with  a  catskin  or  a 
eilk  handkerchief,  or  a  htoul  glas.s  tube  rubbed  with  a  pied  I  Irv  flannel, 
to  a  machine  in  wlnrh  u  pjlan  <>r  fUleanltQ  dlBC  or  cylinder,  set  in  rotation, 
rubs  against  silk  RlbbcM  :  fcheee  rubbers,  whose  conductivity  is  improved  by 
anointing  them  with  e  mixture  of  Fat,  and  mercury,  OOmmunicAtC  with  the 
ground,  and   ii  l.ilri<ilv  fa  thus  i  arried  off  to  the  earth  ;  the 

positive  dungSj  bom  by  the  nitating  glass  or  vulcanite,  blends  with  a  nega- 
tive charge  developed  by  induction  in  the  tips  of  a  comb- like  series  of  sharp 
metallic  points  which  come  almost  in  coutact  with  the  rotating  glass  ;  while 
the  OOmplementtty  i>— itive-charge  is  conveyed  either  to  a  large  insulated 
Conductor  connected  with  these  points  by  a  metallic  chain  or  wire,  or  to  the 
-ii (face  of  a  large  insulated  hollow  conductor  which  surrounds  the  rubbing 
parts  of  the  machine,  or  to  the  inner  coat  of  a  Leyden  jar,  or  to  the  inner 
coat  of  one  of  the  constituent  members  of  a  battery  of  Leyden  jars.  A 
charge  of  positive  electricity  may  be  thus  accumulated.  If,  on  the  oth«  i 
hand,  the  positive  charge  of  the  glass  be  conveyed  to  the  earth,  while  the 
insulated  comfnctnT  is  metallically  connected  with  the  rubbers,  a  charge  of 
negative  electricity  may  be  accumulated  in  the  conductor.  If  the  condtu 
in  whith  positive.  elertrieity  is  being  accumuliiii  u,  be  connected  bj   win-  with 

u  ^ativelv-e.harged  rubbers,  a  current  of  electricity  will  pass  through 
Connecting  wire  as  long  as  the  machine  is  worked,  end    that  wire  will  be 
heated.     If  this  current  l»e  sent  through  a  second  electric  machine   it  will 
tend  to  cause  in  it  a  reversed   rotation.      It  is  possible  (Gengain)  thus  to 

IOQ  continuous  eurivuK  by  th>-  fVi.tidii  even  of  dissimil 

When  the  plates  of  copper  and  zinc  of  Fig.  206  are  connected, 
not  by  a  copper  but  by  an  iron  wire,  we  have  between  the  two 
plates  precisely  the  same  difference  of  potential  as  before.  But 
we  have  now  three  metals,  two  surfaces  of  contact;  and  tfa 
metals  are  at  the  three  different  potentials,  VZni  VFei  V^ 
Hei.ee  (VL.U  -  Vv>)  +  (V„  -  VZu,  =  VCq  -  VZn  ; 
or  us  we  may  otherwise  write  it, 

Cu|Fe   +   Fe|Zn   =   Cu|Zn. 

This  looks  like  an  algebraical  truism  ;  it  is,  however,  the   repre- 
sentation of  an  experimental  fact     Further, 

Cu|Fe    +    Fe|Pt    4-    Pt|8n    +    Sn|Zn    =   Cu|Zn; 
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any  nu  nil  hi  i»f  metals  arranged  in  linear  aeries  or  Open  Circuit 
gives  :i  pcrmauent  difference  of  potential  between  the  extremii 
of  the  series,  equal  to  the  difference  of  potential  which  would  have 
been  developed  between  the  terminal  metals,  had  those  terminal 
metals  themselves  come  into  cont 

Now  let  us  recur  bo  I  Ike  Gapped  -iron-zinc  circuit  and  close 
it  by  banging  the  terminal  metals  into  con  tut.  The  electro- 
motive difference  of  potential  is  now- 

I  -ii  |  Fe   +    Fe|Zn    +    Zu|Cu    =   QujCu   =    0. 

A  closed  circuit,  composed  of  different  mel  aaha  in  electro- 

static equilibrium  :  there  is  apparently  no  current,  although  there 
is  an  apparently  constant  difference  of  potentials  between  the 
different  metals  of  the  circuit.  Each  metal  i  ..mhji. initial 
throughout, 

fl-To,  as  l>efore,  we  must  suppose  a  continual  discharge  and  recharge  at 
8Mb  surface  of  contact. 

No  '  "ntinuous  current  can  therefore  06  obtained  from  a  elosed 
nietullic  circuit,  or  indeed  from  any  closed  circuit  of  conductors 
in  which  the  material  of  the  eiivuit  suffers  n<>  alteration.  If,  00 
the  other  hand,  one  of  the  conductors  of  the  circuit  suffer  a 

mica!  change,  energy  may  be  liberated,  which  may  take  the 
form  of  the  Energy  of  a  Continuous  Current.  Let  us  consider  a 
circuit  consisting  of  copper — hydrochloric  acid — zinc — connect- 
ing wire — copper.  Since  it  does  not  matter  what  the  material  of 
the  connecting  wire  may  be,  we  may  use  copper;  the  circuit  is  then 
Cu  —  HC1- — Zn — -Gil     If  all  the  members  of  tins  series  v 

n  conductors,  the  differences  of  potential  within  tin  GETCUit, 
which  are  independent  of  chemical  action,  would  together  amount 
to  zero,  for  in  that  case  Cu  |  HC1    +    HCl|Zn    +    Zn  |  Cu    =    0. 

i  they  are  not  all  imre  COndueton;  at  the  junetiou  of  ^ioc 
and  hydrochloric  acid  we  have  Chemical  Action. 

If  a  piece  of  zinc  and  a  piece  of  copper  be  placed  in  hy- 
chloric  acid,  but  not  in  contact  with  one  another,  the  zinc  (wlm-l.. 
when  it  is  placed  in  mere  contact  with  OOpper,  Incomes  positively 
charged,  and  is  therefore  said  to  be  electropositive  t.»  oop] 
Is    now    negatively    charged;    and    conversely,    the    electro- 
negative copper  b  positively  charged. 

This  difference  of  jH.t.  Mt i;il  ■  i  «[tiite  satisfact 

in  the  following  manner: — I  alt-  of  hydrochloric  acid  may  be  con- 

sidered an  composed  of  an  item  of  hydrogen  and  an  atom  of  chl-Tim  ;  these 
itmna,  King  En  eon  tact  within   the   tnolriide,  are  perm.in.nllv  charged,  the 
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ogen  positively  and  the  chlorine  negatively,  just,  as  masse*  of  zinc  and 
copper  beoome  charged  on  contact.  The  negatively -ohtlfed  tMfflilM  i-s 
somehow,  more  attracted  by  the  zinc  than  it  is  by  the  eoppSE  ;  it  unite* 
with  a  part  of  the  zinc,  forming  chloride  of  zinc  ;  and  its  charge  is  com- 
municated to  the  remainder  of  the  metallic  zinc,  which  thus  acquires  a 
negative  electrification.  The  hydrogen  of  the  decoinjosed  molecule  either 
travels  direct  to  the  copper,  or  else  it  assumes  tin-  chlorine  of  a  neigh- 
bouring  molecule  of  hydrochloric  acid,  whose  hydrogen  in  its  turn  takes  the 
chlorine  of  the  next  molecule,  and  so  on  ;  ultimately  a  hydrogen  atom, 
positively  charged,  is  lik-ruted  npon  the  surface  of  tli.-  mpper,  and  charges  it 
positively. 

The  difference  ul'  potential  between  the  eopper  ami  lite  zinc 
cannot  be  discharged  through  the  decomposed  fluid  or  Electrolyte, 
and  as  long  as  the  circuit  is  open  there  will  be  electrostatic 
equilibrium  ;  but  if  for  an  instant  the  copper  and  the  zinc  be 
connected  by  a  conducting  wire  a  momentary  CUirant  will  run  in 
that  wire.  When  the  connection  is  broken  the  metals  tve  .un- 
charged as  before.  Repeated  metallic  contacts  between  the 
copper  and  the  zinc  will  produce  repeated  momentary  curren 
If  the  connecting  wire  be  kept  permanently  in  position,  there  i< 
a  constant  charge  and  discharge;  a  constant  flow  of  electricity 
along  the  wire  in  the  direction  copper  to  zinc  ifl  kept  up  until 
th'-re  Is  either  no  more  hydrochloric  acid  to  be  decomposed  or  no 
more  zinc  to  be  dissolved ;  and  the  Energy  of  that  flow  nr  current 
is  equal  to  the  Heat  which  would  have  been  evolved  if  the  C 
had  been  directly  dissolved  in  the  hydrochloric  acid. 

When  the  copper  and  zinc  are  not  connected,  that  is,  when  the  circuit 
ifl  open,   the  condition  assumed  is,  as  we  have   seen,  one  of  electrost 
equilibrium  :    in   the   hinguage  of  the  above  explanation,  the   zinc  becomes 
negatively  charged  until  its  negative  charge  electrically  repels  the  nega' 
chlorine-atoms  as  much  as  the  metallic  zinc  chemically  attracts  them  ;  and 
then  all  chemical  action  ceases  if  the  zinc  W  pure,  ox  it  it  be  homogene- 
as  it  is  vrhan  amalgamated.      When   thii  state  of  equilibrium   has   been 
tli  •  bM  terminals,  which  must  be  both  of  the  same  metal,  will 
continuously  present  a  definite  difference  of  p 

Confusion  is  multiplied  in  this  subject,  which  is  at  liest  in 
an  unsatisfactory  state,  in  this  way :  sometimes  the  copper  end  of 
a  battery  is  said  to  be  negative,  perhaps  because  copper  itself  is 
electronegative  to  zinc  in  contact  with  it  ••  sometimes  it  is  sal ! 
be  positive,  because  it  is  positively  charged  relatively  to  the  zinc 
end,  and  because  the   current  flows    from   it    through   the  wire. 

*  Also  because  in  the  earliest  forms  of  Volts 's  pile  there  was  a  superfluous  cine 
at  the  copper  cn-l,  and  new  tw*f,  Tho  current  then  flowed  from  the  appareut  *inc 
end  to  the  apparent  copper  end. 
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The  reader  will  please  dearly  understand  that  in  this  volume  the 
i  of  these  expressions  is  cmpl* 

wiuMi  tin'  tin  nit  is  oloud  tin-  metallic  i  i  between  the  copper 

and  fi  ir  the  zinc  to  becoiu-   positively  charged  ;  but  nil 

euiiditiun  tends  to  be  continuously  discharged  through  the  hy.ln N 
y*  condition  which  tends  to  aid  the  current  aet  up  in  consequence 

.•In  lilK.ll   Ml  JmIi. 

A  circuit  of  the  land  just  <■  I  is  a  Galvanic  Circuit. 

In  Fig.  207  A  is  a  glass  vessel  containing  hydrochloric  acid ;  On 
is  a  plate  of  copper,  7a\   a  plate  of  zinc.      The 
two  metals  ai  by  a  wire  of  any  con- 

•I  I0tuig  material :  the  current  runs  in  the  direc- 
tion copper — conducting  wire — zinc — acid — 
copper,  Exekfcding  She  connecting  wire,  such 
an  arrangement  is  called  a  Galvanic  Element 
or  Cell :  while  a  number  of  such  colli  may  he 
arranged  so  as  to  form  a  Galvanic  Battery 

Of    Tile. 

Tli.-    K.M.I. U\  within  a   galvanic,  circuit  or 
battery  is  measured  by;  i  .static  din 

ence  of  potential  between  the  free  extremities  of  an  open  circuit, 
with  terminals  of  the  same  metal  at  the  same  temperature ;  ■neb 
an  open  circuit  as  might  be  obtained  by  cutting  through  the  con- 
duct! n<_!  wire  '07. 

I'ifferent  metals  have  different  chemical  uilinities  for  different 
chemical  fluids;  and  consequently  the  amount  and  even  the 
direction  of  the  electromotive  difference  of  potential  within  a 

galvanic  circuit  depends  not  only  up  I  n  me  of  the  metals, 

but  also  upon  the  nature  of  the  fluid  or  electrolyte  employed. 
Copper  and  iron  in  dilute  sulphuric  acid  give  a  current  running 
along  the  «•  lUj  wire  from  copper  tO   1x093,  and  the  iron  is 

attacked,  not  the  copper :  in  a  solution  of  sulphide  of  potassium 
the  copper  is  attacked,  and  the  current  runs  in  the  wire  from  iron 
to  copper.  In  the  presence  of  facts  of  this  order  the  theory  must 
as  yet   be  considered   wholly   incomplete,   for   i  affinity 

remains  unexplained. 

Per  •  '<'-li  liquid  it  i^  peflrittl  ap  l  taMe  of  relative  potentials: 

ilntl  sulphuric  acid  the  mines  is,  ooammring  with  the  most  negative  : — 
flfnelgni  n.iry  zinc — <;uliic.um  -  -lead — aluuiiuium 

— nickel — antimony — Mwnwth — copj>er — silver— platinum. 

If  two  equal  galvanic  cells  be  set  against  one  another,  as  in 
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Ki-.  208,  no  current  is  produced:  the  aggregate  KM. P.P.  within 
the  entire  circuit  is  equal  to  zero. 

If  a  coll  eoutuiniii;.  ind   zinc   in  tliliiU*   sulphuric  acid  be   pet    in 

this  way  against  one  containing  platinum  and  zinc  in  the  same  liquid,  the 
E.M.D.P.  is  the  same  as  that  of  a  single  cell  containing  platinum  and  OOjqMX 
in  dilute  sulphuric  acid. 

U'  two  cells  be  coupled  side  by  side,  copper  to  copper,  zinc 
to  zinc  (/.>.,  "in  Surface"),  and  if  the  conducting  wire  be  led 
from  any  one  of  the  coppers  to  any  one  of  the  zincs,  the  whole 
acts  like  one  cell  of  double  surface,  and  the  KM. I). P.  within  the 
circuit  is  not  increased.     So  also  for  n  cells  so  arranged. 


Piff.aoB. 


11  two  cells  be  set  behind  one  another,  as  in  Fig.  209,  cop 
being  connected  with  zinc,  the  difference  of  potential  between 
the  first  copper  and  the  last  zinc  is  twice  as  great  as  that  between 
the  copper  and  the  zinc  in  a  single  cell:  or  if  ?t  cells  be  arraoj 
one  behind  the  other  in  Indian   file   or  'in   Series,"  the   copi 
of  each  being  connected  with  the  zinc  of  the  next  in   regular 
succession,  the  effective  difference  of  potential  is  n  times  thai 
a  single  cell. 

Principal  Forms  of  Galvanic  Cells  and  Batteries. — These 
Lit:  divided  into  two  principal  classes:  (1)  those  which  have  in  each  oaQ  one 
fluid  ;  (2)  those  which  liave  in  each  c»  11  two  fluid.*. 

One-fluid  cells  and  batteries. — Copper,  sulphuric  add  (diluted), 
and  zim •,  form  the  nu'.-t  commonly  used  triad  of  materials.  Volta'8  pile  ; 
a  number  of  rejK-Jn  the  sequence  : — Copper  plate,  cloth  dipped 

water  or  add,  rfnc  plate  j   tin-  terminal  copper  ta  positively,  the  terminal  I 
negatively,  charged.      Volta's   COfona  di    taz/r  :    a    number  ■  >f  cups  n>u« 
tnining  diluif  .'li  ->r  which  are  placed  a  plate  of  eopj  er 

and  a  plate  of  /.inc,  not  in  OOOtact  with  one  another  :  each  copper  is  CO] 
with  the  zinc  of  the  preceding  cup.     For  practical  purposes  this  is  mod- 

ipenha  lined  boxes  divided  into  cells  by  partitions  winch  are  thi 
made  of  copper  on  one  side,  unc  on  the  other;  and  to  avoid  spill 
whole  may  bi  filled  up  with  -and  or  Stuffed  with  asbestos.     The    form    i 

!e  cell  may  vary  ;  a  evlindir  of  zinc  placed  within  an  open-ended  hollow 
cylinder  of  copper,  tat  not  in  contact  with  it,  the  whole  being  immersed  in 
add :  a  copper  cylinder  within  a  similar  hollow-cylinder  of  rinc  (Oexnte 
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a  sheet  of  copper  ami  a  sheet  of  zinc  separated  by  flannel,  rolled  up  and 
immersed  in  aeid  HaieV  Deflagrator)  ;  a  larger  piece  of  copper,  bent  so 
■  to  face  both  sides  of  a  smaller  dlMl  of  zinc,  and  thereby  to  diminish  the 
M  resistance"  within  the  cell  (Wollaston).      In  all  these  cases  tin  •  of 

potent  i;il-  between  the  free  extremities  of  an  ojxn  circuit  with  similar  termina- 
tion-, bid  containing  a  battery  of  n  cells,  is,  when  we  employ  pure  copper, 
pure  zinc,  iiud  a  2  %  solution  of  pure  Milphurh:  a<  id  in  water,  about  aoVooo 
w  CG.S.  electrostatic  units,  or  1)21  h  "Yoltl  ;"  if  dilute  hydrochloric  acid 
of  the  same  strength  lw>  used,  altnut  ^oVoofi  "  '  '•'■•s-  un'tR  or  ~'>3  H 
\\dts* 

•  .id  of  ordinary  zin<\  zinc  whose  surface  is  amalgamated  may  be 
i  up] i.\iil  j  ii  sol  OOXTOdocI  bj  the.  .-u'id  except,  while  the  current  is  passing, 
difference  of  ]w>t.ritial  within  the  circuit  is  raised  by  about  »1S  Volts 
for  each  i.ll  ot  th«-  battery.  Ordinary  zinc  wastes  away  when  left  in  acid, 
because  it  is  not  homogeneous  ;  local  differences  of  potential  are  set  up  in  if, 
and  local  circuits  are   formed.     Zinc  may  mat-d   bj  Mtttng  it  to 

stand  in  contact  partly  with  mercury,  partly  with  dilute  lndmchloric  acid, 
or  by  nibbini;  m.r.utv  into  it  with  u  nig  dipped  in  acid,  or  by  dipping  it  in 
a  liquid  prepared  by  dissolving  200  grins.  Ug  in  a  mixture  of  250  grins,  of 
nitric  and  750  gnm.  of  hydrochloric  acid,  and.  solution   is  clear, 

adding  1000  grm>.  Of  hydro. hloric  acid.  Iron  or  platinum  can  be  wetted  by 
mercury  containing  sodium. 

Tli i  difference  of  potential  set  up  by  single-fluid   lotteries  diminishes 
tion   is  prolonged,  in    consequence   of  their  so-called 
PffllrfntiiTft      BjdiqgK)   i*   liberated  at  tlie  copj>er  or   i  (ate,  and 

remains  there  as  a  film  ;  this  hydrogen  is  positively  charged,  and  tends  to 
repel  all  other  atoms  of  hydrogen,  and  to  attract  the  negative  components  of 
the  inole..uli-M  of  the  fluid.  In  OtoBiriqimim  of  ihi-  then  il  a  certain  tendency 
towards  tin  prodUfltiQD  of  a  current  opposed  to  the  main  galvanic  current. 
in  I  ii  »  .  iij.p,  i  .in.:  couple,  which  has  bou  for  some  time  in  action,  be  taken 
out  of  sulphuric  acid  and  immersed  in  water,  a  reverse  current,  comparatively 
fi  -'I'll  |  will  run  for  some  time  from  the  zinc  to   ;  r   through  the  con« 

ducting  win-.      In  ardor  to  minimise  this  polarisation  various  devices  have 
been  resorted  to:  the  hydrogen  ha*  been  swept  off  the  jx>-itive  plate  by  air 
from  a  bollOWl  Hiivinl),  or  by  shaking  the  cell,  or  by  nipidly  rotating  the 
in  the  fluid  (Moo  i  bOOO   removed  by  covering 

tin-  positive  plate  with  a  film  ot  oskU  ol  copper,  which  is  reduced  by  the 
hydrogen  (Bccquerel),  or  by  covering  the  positive  plate  with  a  film  of  clay 
(I'ulvermacher),  or  by  otherwise  rongl  surface  so  tliat  bubbles  of 

hydrogen  may  readily  form  and  rise;  this  was  don  yndofff,  who 

I  i i> ally  deposited  a  rough  film  of  copjxr  on  tin  poeitTfO  copper 
plate,  and  by  Sraee,  who  used  a  similarly-platinised  platinum  or  silver  or  lead 
plate  ai  Uie  positive  plate.  Platinised  iron  (Paterson),  amalgamated  iron 
:  Munition),  and   platinised   charcoal   (Walk  been  recommended  as 

positive   plates.      Bnnsen    used    gas   coke   with   dilute   sulphuric  acid   and 

Igoraated  zinc. 

For  the  negath'    plftfte  zinc  is  used,  because  it  is  very  readily  o 
convenient,  and  moderately  cheap.     Magnesium  would  give  a  higher  effective 
difference   of  potential,   but   is  too  expensive  \    iron   gives  with   copper   too 
feeble  a  current,  but  may  be  in  some  cases  advantageous  as  compared  | 


1  Volt=  ait  C.i  Itatk  Unit  of  Difference  of  Potential. 


566 


ELECTRICITV  AND  MAGNETISM. 


[i   H.UV 


the  more  ex*  )  to  obtain  a  given  current  by  its  aid  a 

r  number  of  cells  is  luqidvwL 

For  the  intervening  fluid  "i  rl.  ii  l,i  .  mstead  of  sulphuric  or  hydro- 
. hloric   ftcid    other   liquids    in  uiployed,    which   oxidifta    the.    lljdinQftll 

liberated  at  the  positive  plate.      Nitric  acid  oxidises  hydrogen,  being  itself 

oed  to  nitrous  acid :  a  solution  of  iodine  with  iodide  of  potassium  in 
water  (Laurie)  forms  with  it  hydriodic  acid:  chromic  acid  is  nduoed  by  the 
hydrogen  to  chromic  oxide  :  instead  of  chromic  told  a  mixture  of  bidmHMfll 
of  potash  and  sulphuric  acid  ina\   be  employed,  mid  the  reaction  then  is 

3Zn  +  K._jCr207  +  7H2S04  ■  3ZnS04  +  2KCr  (S04\_,  +  TH,0 

Chrome-alum. 

A    common    bichromate-cell,    in    which    giis-carbon,    bichromate- mixture — 
1000  water,  100K2Cr20T,  300  pt>.   by  n  i.    II ..so.    (Grenet)  ;  6-182  grms. 
K2Cr207>    6-282   c   cm.   strongest   H^SO^   60'47   c   cm.  water  (Bunt-.  I 
with    the   addition  (Ducretet)   to  each   litre  of  about  24  grms.  of  HgS04  in 
keep  the  tbiC  well  amalgamated — and   zinc  are  I,  gives  a 

difference  of  potential  of  about  2  Volts,  which  remains  fairly  constant  when 
the  circuit  i>  closed  for  about  three-quarters  of  an  hour,  but  which  in  an  hour 
and  a  half  sinks  to  about  1  Volt. 

Chloride  of  ammonium,  chloride  of  zinc,  used  as  exciting  fluids,  also  tend 
to  check  polarisation.     In  Leclanebi's  cell  the  materials  are  zinc,  a  sol  in 
of  chloride  of  ammonium,  and  a  positive  plate  :  tin-  plate  consists  in  the 
older  Leclanche  cells  of  a  mixture  of  moistened  binoxide  of  manganese  and 
crushed  gas-coke  surrounding  a  central  rod  of  carbon,  or,  in  the  newer,  of  s 
mixture  of  5ft  sulphur,  40  gas-coke  powder,  and  ft  shellac,  pressed  upon  a 
carbon  core  ;  and  the  whole  of  this  positive  plate  is  surrounded  by  ■  ho! 
cylinder  of  porous  earthen  wan-,      The   zincs  of  Leclanche'   latteries  are  \ 
little  corroded  when  they  are  not  in  use  ;  hence  they  are  much  used  for 
occasional  telegraphy  or  bell-ringing  ;  and  for  therapeutic  purposes  a  large 
tiumlK-r  of  such  elements,  each  the  size  of  a  small  test-tube,  can  (Bectx)  hi 
packed  within  a  very  -mall  IJN 

In  N  -II-   ':=■   •  I'    rrolyte  is  somewhat  complex,  and  there  are 

differences  of  potential,  due  to  chemical  action,  set  op  even  within  it.  A 
cell  whose  metals  are  silver  and  zinc,  separated  by  an  Intervening  mass  of 
chloride  of  silver  moistened  with  or  lying  within  a  solution  of  alkaline 
chloride  (Warren  de  la  Rue),  chloride  of  rim  (Gaiflb),  or  alkali  (ScrivufeotfV 
gives  a  very  constant  and,  relatively  to  the  bulk  of  the  cell,  a  powerful 
current.  The  dillerence  of  potential  in  ft  silver-  -salt-waAer-ond-chh -riii- 
silver — zinc  cell  Eft  (Warren  de   la  Rue)  1*065  Volts.     Be  ised  salt 

water  and  sulphate  of  lead  between  rfnfl  and  lead. 

Two-fluid  cells.  Daniell's  cell: — A  hollow  cylinder  or  cell  of 
porous  v.  I  .in  as   practicable,  and   containing  dilute  sulphuric 

and  a  rod  of  zinc,  is  surround.  dution  of  sulpll 

and  a  larg»T  cylinder  of  copper.     Tlie  current  runs  through  the  fluid  in 
directiou  Zn-  H.jS04  [)  CuS04  -  Cu  (where  the  symbol  ||  is  used  to  indicate 
the  porous  cell),  and  through  the  conducting  wire  as  usual  from  copper  to 
zinc.     The  chemical  action,  which  may  be  expressed  by  the  dSftg] 

-   |    Zn     80^  H,  ||  S04  Cu     Cu    |  + 

results  in  the  formation  of  sulphate  of  zinc  within  the  porous  cell, sulphuric  acid 
within  the  walls  of  the  porous  cell,  and  the  deposition  of  copper  upon  the  inner 
surface  of  the  copper  cylinder.     There  is  thus  no  evolution  of  hydrogen,  and 
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no  polarisatiou.     The effective  difference  of pottBtiall  i-  \'\-i  V<  li-  lihtll 
liquids  employed  are  a  neutral  saturated  solution  of  BHlpAurtW  of  dlU  and  a 
saturated  solution  of  copper  sulpha: •-,  and  wlu-n  the  zinc  li  amalgamated  ami 

i<1  ;  and  tlii.s  does  not  vary  very  much  with 

strength  o  ition  of  ml]  duo,  nor  does  it  do  *o  to  any  great 

extent  though  the  temperature  of  tit-*  e.ll    rise  from  3    i  it  is 

••.piiil  to  aliin-t  HEM  tly  1  Volt  when  tie  I    .ie     -the  one  a  -olution  of 

sulphurie  a.  id,  1  vol.  to  water  22  vols.,  and  tbe  other  a  saturated  solution  of 
nit-  Tin-  "  internal  resistance "  sinks.  (Preecc)  to  one-third  when 

[fl  heated  to  100"  G.  Katteries  of  this  <  OH ARM lion  were  originally 
due  to  DmojmHu1  ;  and  tin  v  are  very  constant,  lasting  even  for  months  if  the 
resistance  in  the  circuit  be  kept  very  great  ;  but  if  the  external  resistance  be 
very  small,  a-  ppei  and  ;i  I  by  a  short  piece 

of  wire,  the  <nir.nt  ptodtlOOd  rapidly  falls  off. 

Tin-  -nhitinu  of  xiljiliate  of  ooppa  is  kept  saturated  by  a v: stals  placed 
in  it.     Any  metal  can  be  used  as  a  positive  plate,  for  it  soon  becomes  covered 

with  COp|KT. 

In  some  forms  of  Daniell's  cell  the  porous  cell,  which  is  fragile,  and  i 
tends  to  h.iv  its  pores  blocked  up,  is  dispensed  with  :  in  gravity  batteries — 
r.j7.,  Oal  laud's — a  stratum  of  acidulated  water  or  of  a  solution  of  sulphate 
of  zinc  floats  upon  a  dernier  Ij'liate  of  copper:  in  the  former 

stratum  the  zinc  is  HUpandMl  ;  in  tin-  latter  the  eopjK  r  lies.     Sometimes,  as 
in   Minotto's  Lattery,  the  copper  is   pr< ,tected  by  sand  or  sawdust.  tarn 
which  a  layer  of  copper-sulphate-crystals  rests  upon  the  copjtr. 

In  Maidinger's  cell  the  crystals  lie  in  .-\  special  inverted  flask  filled 
with  ziiu'-i-iilphate  -olution  ;  the  heavy  .-olution  in  this  Mask  sinks  down 
whenever  the  density  of  the  lowest  hv.  ■  |  ition  of  sulphate  of  flBppo^ 

diminishes  in  0OUM|IMOMI  of  the  deposition  of  its  OOppm  Upon  the  positive 
plate. 

These  cell-    iHtboi  diaphragm-    aiv    liable    to   diffusion   of   the 

e  .pp,  r -ulplut    .-olution  i.iu   ih,     n|.],.  v   layer,  the   solution  of  sul- 

pliat     .!  i    in    (Id*  is  attacked,  and  a  tilin  of  ropju-r 

is  deposited  on  it,  which  interferes  with  the  efficiency  «<l  tin-  cell.  C.VHs  of 
this  kind  are  therefore  good  only  fur  frequent  use,  such  as  tendB  to  exhaii-t 
the  layer  of  HtlphlU 

The  copper  plates  Mibnierged  in  the  lower  layer  of  liquid  are  connected 
with  the  external  circuit  by  wires  passing  down  through  the  whole  liquid, 
and  protected  by  an  insula  tt.q.ercha. 

In  Remak's  jk.i;  of  Daniell's  battery,  discs  are  arranged  in 

thelolloi  Ooppa  plate,  cloth  dipped  in  -olution  of  copper 

sulphate,  porous  earthenware  disc,  cloth  dipped  in  dilute  sulphuric  acid,  zinc 
pper  plate,  etc. 

In  Beetz's  dry  Daniell-cvll,  which  Ki  •  constant  even  when  the 

circuit  is  kept  closed,  a  U-tubc  has  one  limb  tilled  with  plaster-ofdPuris  made 
np  with  sat.  ZnS()4  soln.  and  g  a  Zn  wfj  Umb  similarly 

with  CuSO,  and  Cu  wire.     The  K..M.1U'.  is  (corrected)  104  Volts. 

In  Grove's  cell  the  current  josses  through  Zn  -  U.fi04  ||  HN03  -  Pt. 
The  nitric  acid  dissolves  the  hydrogen  liberated  by  the  sulphuric  acid,  and  is 
IteaU  redti  i    it  Iks  not  too  abundant,  is  diBSol 

by  the  3  i      The  difference  of  potential  maintained  by  a 

fat     This  is  1-708  *  that  of  a  Daniell, 
and  the  internal  resistance  of  a  Grove  is  mm di  i  a  short  time,  and 
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against  a  small  Itiifnlinni),  l  ("rove  BOD  produce  a  much  stronger  current  than 
a  Danicll  of  the  same  size  ;  but  its  funics  are  unwholesome,  noxious  in  a 
laboratory,  and  destructive  to  the  binding-screws  of  the  Grove  cell  itself. 

<  "rove's  cell,  like  Daniell's,  may  he  made  either  cylindrical  or  fll 
the  former  is  preferable,  because  cylindrical   porous-cells  are  not  so  liubb 
break  as  flat  ones. 

The  of  ]>otential  maintained  by  I  Grove  mounts  from  170*8  to 

240  (Danieil  =  100),  when  the  dilute  sulphuric  acid  surrounding  the  due  is 
replaced  by  a  concentrated  solution  of  caustic  potash. 

The   nitiii.   acid  surrounding    the   platinum   is  often    mixed  wit: 
sulphuric  Mid,  which  exercises  a  dehydraling  action,  takes  water  to  itself,  and 
keeps  tin   in  trie,  acid  concentrated. 

iri-tviid  of  platinum,  carbon  tnuv  be  used,  as  in  that  modification  <.f 
Grove's  cell  known  as  Bnnaen'fl  cell,  originally  due  to  Grove*  or  iron, 

which  beOOBMe  positive,  ;m«l  i-«  not  dissolved  by  strong  nitric,  acid  ;  or,  as  in 
Callan's  cell,  platinised  lead. 

The  nitric  neid  <if  drove*  cell  may  be  replaced  by  bichromate-of-potanh- 
and-sulph uric-acid  mixture.  In  the  plaOG  of  nitric  acid  a  saturated  solution 
of  ferric  chloride,  t'.  which  J  p-.-r  cent  of  nitric  acid  has  been  added,  forms  an 
excellent  liquid  :  when  it  i*  used,  the  total  difference  of  potential  kept  op  !•*. 
the  cell  is  about  midway  between  that  of  a  Danieil  and  that  of  an  ordinary 
Grove  :  this  liquid  is  readily  renovated  by  boiling  it  with  a  little  nitric  and 
hydrochloric  acid. 

In  Muric-I)avy'«  cell  the  current  run  i  Zu      pure  water  ||  paste 

of  Hg2S04  with  water  -  carbon.  Any  mercury  passing  through  the  porous 
cell  merely  amalgamates  the  zinc  and  does  no  harm.  Polarisation  is  great 
in  this  cell,  but  it  is  very  convenient  because  very  portable. 

In  Latimer  Clark's  Standard  Cell  the  current  runs  through  Zn - 
pure  concent.  ZnS04  soln.  J|  Hg3S04-and-water-pastc  -  Hg.     This  cell  is  \ 
constant,  and  its  difference  of  potential  =  1*467  \*>  Its :  it  may  be  used  as  a 
standard  for  comparative  electrostatic  measurement*  of  difference  of  potential, 
but  is  greatly  lacking  in  constancy  if  it  be  kept  in  action  for  some   time. 
Lord  Rayleigh  finds  the  D.  P.  to  be  1*453  Volt*  ;  bin  m.r 

of  the  Standard  Ohm  (p.  581),  this  is  1*434  Volts,      Such  cells  differ  am 
themselves  by  about±0*2  per  cent.     If  the  paste  be  made  of  subsi  ilphaa 
mercury  and  a  concentrated  solution  of  sulphate  of  zinc,  the  constancy  is  even 
greater,  and  the  difference  of  potential   is   1'465  Volts,  or 
I  )hm,  1*4456  Volts. 

The  greatest  difference  of  potential!  yet  obeerved  as  having  been  pro.  I 
and  maintained  bya  single  cell  is  that  of  a  combination  devi-<d  by  'ioodman 
in  1847.  The  current  in  this  runs  success  ivt  Iv  through  potassium -amalgam 
— inner  porous  cell — solution  of  caustic  potash — outer  porous  cell — solution 
of  permanganate  of  potash — and  lastly,  as  a  positive  plate,  stick -sulphur. 
The  diflhrenee  of  potential  is  (Beetz)  302*3  (Danieil  =  100). 

Two  fluids  or  melted  substances  separated  by  a  jjorous  diaphragm  will 
give  a  current  even  though  platen  of  the  name  metal  be  immersed  in  berth. 
Iron  in  nitric  acid  ami  iron  in  sulphuric  acid  (Grove),  or  copper  in  dilute 
sulphuric  acid  and  copper  in  dilute  nitric  acid  (Louis  Napoleon),  aluminium 
in  dilute  caustic  soda  and  aluminium  in  dilute  hydrochloric  acid  (Wilder). 
or  platinum  in-  ■  ,  *  r  potaah-eolntion  and  platinum  in  nitric  acid  (Becqm - 
will  give  a  current,  and  as  the  one  metallic  plate  is  dissolved  away  the  other 
is  thickened.     In  a  flask  set  aside  and  containing  a  lower  layer  of  solm 
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■  ulphate  of  copper  and  n  upp  i-lulated  v.  n-i   w  i  1 1 1 

n  copjM-r  win*  wl  to  stand  in  the  fluid,  i)  will  bfl  found  that  lh.it  purl.  <>f  thfl 
OOppW  wire  which  is  within  tin-  undulate!  water  bfleonWE  thinned  away, 
while  that  part  which  is  within  the  BOhtffco  «»f  sulphate  of  copjwr  bwi 
thhkeued.  Further,  two  plates  of  tin*  sun.-  mete]  human  H  in  acids  or 
alkalit*^  of  different  degrees  of  conc.*ntrati.»n  will  give  ■  current  which,  in 
tin  case  of  sulphuric  Jind  hydrochloric  acids,  flows  from  the  stronger  Ibxuil 
the  porous  diaphragm  into  the  weaker  acid,  hut  which,  in  the  cose  of  caustic 
alkalies,  flows  towards  the  stronger  solution. 

Two  metals  in  the  same*  gag,  or  two  giises  covering  different 
parts  of  the  surface  of  the  same  mass  of  un-tal,  us  again  -it 
different  potentials.  From  this  it  follows  that  the  prOBOPCC  of 
the  air  exercises  a  disturbing  influence  when  zinc  and  copper  are 
placed  in  contact  ami  linn   separated;  and  ;ise, 

we  see  this  disturbing  influence  of  chemical  action  actually 
predominate  over  the  contact- effect  when  zinc  and  OOpper  an* 
brought  in  contact  and  then  separated  in  an  atmosphere  of 
sulphuretted  hydrogen  :  tlie  zinc  become*  DQgatfo *ly,  the  copper 
positively,  charged 

Dry  piles  may  1-  Bted  as  followi  : — Pieces  "f  KgoU  papei  ''  and 

of  "sdv.r  ptgMr"  may  lie  p.i  i    I    h.mk   to  back  and  cut  into  small     I 
these  discs  are  th«n  piled  np  and  pressed  into  a  glass  tube,  or,  better,  strung 
upon  a  silk  thread,  their  similar  faces  all  looking  in  the  sanu-  direction. 
Smh  a   j.ih-  develops  a  considerable  dil  between  tin-   jMiUntial.n  of   ii- 

«\t remit ie.*,  and    it  remain*   thus  chui  uilv  indefinite   periods. 

In  principle  a  dry  pile  resembles  a  Volta's  pile,  the  discs  of  wet  cloth  in 
which    have    alrnc-t    dried    up.      Paper  is    -  ifectly  dry:    the    paper 

•  in  the   metallic  faces  of  each  dine  take-  th  the  imo 

I  1  -lli  ;  and   besides  this,  the   air  aits   innie  mi  the   one   metallic  filOfl  of  I 

than  on  tl tln-r.     In  consent  ien<  ifl  the  ehan  nil .  and 

a  definite  difference  <»f  potential  is  set  up  by  which  ehemi..il   change,  •  •'!>.  i 
wise  too  feeble  to  bfl  detected  within  any  reasonably  -diort.    pBliod  of  tin 
rendered  strikingly   manifest.      The  quantity  of  energy   Liberated    by  a 
pile  is  very  small,  and  little  work  can  bfl  done  by  it  ;   but  one  extremity  •  >!  .i 
dry  pile  can  keep  a  charged  gold-leaf  steadily  repelled  f..r  a  long  time.      If 
the  two  ends  or  poles  of  a  dry  pile  be  brought  near  one  am-th*  i,  U  insulated 
strip  of  gold  leaf  suspended   bflfeWtflO  them   and  alternately  attracted  by. 
•  ■•njin:.'  in  DOBlaflt  with,  and  repelled  fn.iu,  each  pole,  may  oecillate  betu 
the  poles  fur  a  very  long  tinn-.  but  "lily  so  long  as  the  chcini<  ;"isi- 

tioiis  going  on  within  th.  pile  qui  hum  ,h  tin  e&fllgj  requisite  to  OIWOOM 
the  friction  of  the  air  and  th.   rigidity  of  the  gold  leaf. 

Difference  is   the    most  delicate  test  that  we 

possess  for  chemical  h» -tii.nl. 

The  chemical  action  set  up  under  the  inlluence  of  act; 
rays   also    produce-    difference    of    potential,    which    may    serve 
(Becquerel)  to  measure  the  chemical  energy  of  sunlight 
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Difference  of  potential  is  also  produced  by  friction  of 
water  against  steam  or  air,  as  where  a  jet  of  partly-condensed 
steam  or  of  suddonlv-cvpuridin",  uudried  air  is  driven  through 
a  conical  nozzle  of  metal  or  glass  or  wood:  the  steam  or  uii 
becomes   positively,  the  vessel    from   which    it   is   driven    becomes 

aively,  charged.      If    the    nozzle    be  of   ivory   there   is   no 
age.      If  the   vessel  contain  some  turpentine-oil  the  charges 
are  reversed. 

WhfiH  u  liquid  is  brought  into  the  spheroidal  slate  it  assm 
an  electrical  condition  which  varies  with  the  nature  of  the  liquid 
and  with  that  of  the  hot  surface  on  which  it  lies. 

When  saline  solutions  are  evaporated,  the  vapour  and  the 
liquid  assume  different  electrical  conditions  if  there  be  ei" 
t'ri.tion  of  the  crystals  on  the  vessel,  as  when  the  crystals  crack  1.-, 
or  friction  of  the  heated  water  upon  the  salt.  In  the  evaporation 
of  water  there  is  no  difference  of  potential  set  up  unless  there  be 
friction  between  the  water  and  the  vapour:  if  there  be  friction, 
the  steam  becomes  positively  charged. 

Pressure  or  traction  applied  to  tourmaline  crystals,  if  the 
force  applied  have  a  component  parallel  to  the  cryatallographio 
axis,  causes  a  separation  of  electricities ;  opposite  extremities  of 
the  axis  become  oppositely  electrified,  and  the  amount  of  differ- 
ence of  potential  produced  depends  only  on  the  amount  of  force 
applied  The  same  result  follows  whether  the  alteration  of  form 
of  the  crystal  affected  be  the  result  of  force  or  of  the  application 
of  heat  or  cold. 

Blectro-capilJarity.  —  Mercury  standing  under  water  has  a  convex 
surface  and  a  definite  surface- tension.  The  water  and  the  mercury,  being 
two  conductors  in  contact,  are  ut  different  potentials.  The  surface  of  the 
VBbn  Uld  QM  surface  of  Hm  DA0Om7y  though  nominally  in  contact,  are  at 
a  mean  distance  of  about  oik-  twenty-millionth  of  a  centimetre.  The  Nro 
surfaces  therefore  act  aa  an  accumulator  which  has  a  definite  capacity.  The 
surface  of  contact  between  mercury  and  man  has  thus  three  properties— 
Surface  Tension,  Difference  of  Potential,  and  Electrostatic  Capacity  : 
these  depend  upon  on  another,  so  that  if  one  be  varied  the  other  two  will 
vary  (Lippmann).  Thus  if  we  vary  the  surface-curvature  of  mercury,  as  by 
setting  it  in  vibration  in  n  conical  tube,  and  thus  altering  the  area  and  the 
amount  of  ten-ion  of  tin-  Hfffao  ;  or  if  we  hoot  the  m.  n  in y  or  the  water, 
and  thus  again  idUr  tit  bBDJUm,  the  rapacity  mid  the  difference  of 

potential  will  gloo  v.u\.       IVir  of  tin-  work  done  upon  the  1 
it  in  vibration,  or  of  the  lout  supplied,  i*  spent  in  setting  up  a  difference  of 

iiti.tl,  the  rarj  nrJOfamai  Of  which  causes  a  tendency  to  restitution  of 

■tension  ;  For  if  we  vary  the  difference  betWi  1  D    I      p  t'-utiala 

lie  water  and  the   inercun   b]   dunging  either   the  one  01    the  other,  the 
surface-tension,  and  consequently  the  surface-form,  of  the  mercury  varies  also. 
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Thermo-electricity. — The    difference   of  potential    set    op 

between  two  metals  bg  their  mere  contact  depends  upon  their 
i •■in]" -liit ure  as  well  as  upon  their  chemical  nature  and  state 
of  purity  or  their  physical  state — their  hardness,  their  ten- 
sion, and  so  forth.  If  bismuth  and  antimony  (in  the  form 
of  commercial    pieated    wire)    develop,    OB    contact  at   19c    ( 

difference  of  potential  of  V  volte,  the  same  materials  develop,  on 
contact  at  20°  C,  a  difference  of  potential  of  (V+  000103) 
volts.  If  a  semicircle  of  bismuth  wire  and  one  of  anti- 
wire  be  joined  so  as  to  form  ;i  <  in  1 -,  and  if  one 
of  the  two  junctions  be  maintained  at  19°  C,  while  the  other 
is  kept  at  20°  C,  then,  since  the  hotter  junction  presents 
a  greater  difference  of  potential  than  the  colder,  the  aggregate 
difference  of  potential  within  the  circuit  is  not  zero,  but  is 
equal  to  {(V +'000108) —V}  volts  =-000103  volts,  or  103 
microvolts  (millionths  of  a  volt).  This  difference  of  potential 
within  the  circuit  is  maintained  as  an  electromotive  difibrencf 
of  potential,  and  there  is  therefore  a  Constant  current  round  the 
circuit,  so  long  as  the  junctions  are  kept  at  these  fixed  Lemper- 
atures ;  and  the  energy  of  this  current  is  partly  (but  in  pari 

Croffl   the  heat   supplied   at   the   hotter   thermo-electric 
junction,  and  is  due  to  transformation  of  the  energy  of  molecular 

motion     The  current  runs  from  bismuth  to  antimony  through 
hotter  juneti 

Antimony  and  bismuth  ure  the  extremes  of  a  thermoelectric  series,  which 
is,  wnwrfflng  to  Seebeck,  the  following  : — Sb,  As,  Fe,  Steel,  Cd,  Wo,  Zn,  Ag, 
Au,  M..,  Sn,  l'l,  Bg  Mm  Cu,  Pt,  1M,  Go,  Ni,  Bi. 

The  electromotive  difference  «>1*  potential  produced  and  main- 
tained within  the  sloted  I •uruit   is   approximately  proportional    to 

the  difference  between  the  temperatures  of  the  two  junctions!  if 

this  difference  be  very  small;  and  it  is  therefore,  when  measured 
in  microvolts,  equal  to  the  product  of  I  ince  of  temper- 

atures into  a  number:   this  number   is  called  the  thermo-electric 
power  between  the  two  given  metals  at  the  given  mean  tern; 
at  are.     For  Bismuth  and  Antimony,  at  a   mean  temperature  of 
l'J.V*   C.  it    is    L03;    to,-    I :.M  IU\  -  103    microvolts  =  103  X 

(20°  C. -19°  C.)     If  the  K.M.iU'.  be  measured  tn  QG 

electro -magnetic  units,  of  whieh  LOO  make  a  microvolt,  the 
t lit*!  ease  is  10,300. 

The    thenno  -  electric    power    between    any    two   metals    is 
not  a   constant  number,   but    varies   with    the   temperature.      In 
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Fig.  210  (after  Tait)  it  may  be  seen  ar  the  freezing-point 

of  water  a  difference  of  one  degree  between  the  temperatures  of 
two  junctions  of  a  lead-iron  circuit  makes  between  the  two  junctions 


•o"e 
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a  potential-difference  of  17 '3 4  microvolts,  or  1734  electromagnt 
units,  while  at  higher  mean-temperatures  the  thermo-electric  pm 
is  progressively  less,  beenntes  ultimately  changes  its  sen 

The  thermo-eleelrie    power  between  copper  uiul  lend,  00  the  Othei 
hand,  increases. 

The  li'ail  is  nominally  positive  to  the  copper,  for  the  current  passes  from 
lead  to  copper  across  the  hotter  junction. 

A  diagram  of  this  kind  is  called  a  Thermo-electric  Diagram, 
and  indicates  the  thermo-electric  power  tetween  its  metals  at  any 
mean  temperature  within  its  range, 

The   lines  of   iron  and  oopper  cross  one  another  at  274°-."   I 
An  iron-copper  couple,  one  of  whose  junctions  is  at  a  temperat  o 

litly  over,  the   other  at  a  temperature  equally  under   274 
will   develop  within   ite  eneait  no  electromotive  difference  of 
potential.     That  mean  temperature.  274°*5  C,  is  for  iron  and 
oopper  the  so-called  neutral  point. 

For  every  temperature  on  the  one  side  of  the  neutral  point  n 
is  possible  to  find  one  on  the  other  side  such  that  a  copp 
circuit  whose  junctions  are  at  these  respective  temperatures  will 
develop  no  current. 

If  on.'  copjKjr-iron  junction  be  at  150°  C,  at  what  temperature  must  Ui>- 
other  be  in  order  that  there  may  be  no  current  1     The  temperature   required 
is  399*  G\,  which  lie*  H  far  beyond  the  neutral  point,  274**6  ! 
does  beyond  150°  C.     The  triangle  ABN  (Fig.  210)  represents  the   t.»ul 
E.M.D.P.  when  the  junctions  aiv  respectively  at   !  i  .    md  274"5  C.,* 

'  Since  for  a  small  difference  of  temperature,  E.  M.D.  P.  =  Therm,  -elect,   power 
diflbfc   of  temp,   measured  in  "C,  each   step  in   temperature  multiplied  by  it* 
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triangle  NA'B'  represents  the  total  md   0]  M.D.I',  which  would  be 

<-luped  if  the  junctions  mt  if  874*'fl  Hid  8W"  tv>jh<  tivrh-  :  the** 
triangles  iir«M<jiuil  :  their  Mini  is  nd  :  tin-  total  «-lfcttoiiH»tiv.-  ]*.tcr.tii»l-.IithT- 
tncc  between  150"  and  399*  ifl  nil:  there  is  consequently  DO  CUJ1 

If  one  copper-iron  junction  be  maintained  at  the  constant 
temperature  of  100°  C,  and  the  other  be  successively  exposed 
to  temperatures  101°,  102°,  103°,  and  so  forth,  each  step  in  the 
temperature  of  the  hotte  ■  1 1  produces  an  increinrnt  of  the 

K.M.I ).!'.  detdoped  within  the  circuit;  but  each  successive  in- 
crement is  smaller  than  its  predecessor:  as  the  temperature  of  the 
hotter  junction  nears  274°*5  thesucce  rementfl  of  E.M.I  I T 

become  less  and  less:  when  the  hotter  junction  is  at  2740,5,  tin- 
neutral  point,  the  increment  is  nil,  and  the  electromotive  differ- 
ence  of  potential  and  the  cuirent  which  it  causes  to  run  round 
the  circuit  are  at  their  maximum.  Then-after,  as  the  hotter 
junction   is   still    m  Ugly    bested,   the    K.M.IU'.    at   first 

gradually  and  then  more  rapidly  sinks.  When  at  length  the 
hotter  junction  is  at  449°  (the  colder  one  still  remaining  at  100°) 
then  is  no  K.M.I  >  r.,  and  do  current  pound  the  circuit:  and  when 

the  temperature  of  the  hotter  junction  exceed-;  11!).  the  'lirection 
of  the  current  is  reversed,  being  now  from  iron  t<>  copjKjr  across 


Ttr.r.i. 


J»0'C 
Temperature 


4H*C 


the   hotter  junction  ;  and   thereaftei    succcsmvc  U 

ence.s    of    temperature    develop    BUOQOBBive    DUmerically    great** 

negative  K.M.I  '.I'.'s.    The  Neutral  Point  ifl  tana  b  fixed  tempi 
ature  for  each  pair  of  mettle;  and  the  temperature  of  the  colder 

{unction    OB    the   one    hand    (whatever  t!  .<• 

and  the  corresponding  Temperature  of  Reversal  on  the  oth 
:s  on  either  ride  of  it. 

Curves  indicating  1 1  ween  the  difference!  of  Tempei 

twein  two  junctions  and  the  eleri i  .-I    Potent 

■  i .  1 1  •_'.  Khmno-eleetrffl  povei 

-  tho  11.  M .  1 1. 1 '  developed  \>y  each  diflen 
■tare:  the  sum  of  nil  these  m-'taugles  between  100*  ami  _. 

Of  |H>tential  &ct  up  when  these  lire  the  lUUpeisUmi  uf  the  tw» 
m:  thii  Mxm  is  equal  to  the  trian^h   Als\. 
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in  consequence  of  them  (sometimes  called  Giuliani's  curves),  fa 
which,  for  most  pairs  of  metals,  is  that  of  a  parabola:  and  tin;  nwnoiioal  tafaM 
Of  tin*  tangent,  of  tin:  angle  made  by  this  cum  with  |  Ul&i  to  th.-  nxi- 

of  a:,  an«l  rutting  tin-  ourv<-  at  that  point  of  it  which  COtTespoada  bo  BO] 

1      :   a  numerical  measure  of  the  t  li.i  mi  .■■  at  that 

mean-temperature:  for  both  the  tangent  and   tin-  tin oano-fll ■«  t ric  powi 
iiuint-ric.illv  equal  to  the  fraction 

Increment  of  E.M.D.P.  Change  of  ordinate 

Increment  of  mean  temperature       Change  of  abscissa 

within   one  ami    the  wime  bar,  diflaTCOMBl  of  potential  are   set   up 

D  a  bar  is  unequally  heateil,  Bid  BOOM  of  the  heat  supplied  is  appended 

in    setting    up    thi*  eteCtrically-BtroOPOd    omilition  ;    but  in   a  homogeneous 

illic  ting,  however  irregularly  batted   it  m;i\  be,  there  ifl  no  current. 

Tha  natal  on  Le  of  a  hot  or  cold  jum-non  Kaj  on  the  other  hand,  like 

a  single  bar,  and  difleren    -  •  •!'  potential  are  set  op  within  it.  which  modify 

the  amount  of  the  effective  diflfalBDM  of  potential   within  the  whole  circuit, 

and  are  found  tu  bupplv  an  explanation  of  the  pin  n   nn  n.i  of  invi  I   100, 

Metals  interpolated  in  the  circuit  produce  no  effect  on  the 
amount  of  the  effective  difference  of  potential  within  the  did 
unless,  indeed,  their  junctions  be  at  different  temperatures.      If 
that  he  the  case,  their  thermo-oh*  trie  t -fleets  form  a  part  of  the 
general  thermo-electric  effect  of  the  circuit. 

When  a  number  of  010068  of  hismuth  aud  antimony  are 
arranged  end  to  end,  their  alternate  junctions  being  hotter  and 
colder  respectively,  the  E.M.D.P.  maintained  between  the  ex- 
tremities of  a  pile  of  n  pain  of  elements  is  n  times  that  found  to 
be  due  to  one  such  pair. 

This  priii. ,-iplc  is  utilised  in  the  Thermo-electric  Pile,  which  consists 
of  a  niuiil"!  of  ptoeai  of  Mamntfa  and  antimony  (or,  better,  of  an  ulloy  «if  10 

parts  by  \u.  if  liismutli  and  1  of  ,< 
and  an  alloy  of  15  parts  of  antimony  and 
7  "f   cadmium)   ami  i    the   fannTfflfi 

of   Fig.  212.     When  the   foce  of  ihi 
markdl  III  LI  I  ii  exposed  to  heat,  the    I 
tioiis  H,  H,  II  become  wanner  than  the  junc- 
I    Uob    •,',(',  and  a  current  passes  th: 
/     t  a  0.     If  it  be  placed  opposite  a 

piece  of  ice,  the  face   HHH  will  cool 
1  the  current  i-  now  in  th    p 
When  a  junction  of  two  metals  is  connected  by  a  pair  of  copper  wires 
with  a  similar  junction  at  the  same  temperature,  no  current  passes,  a  fa 
be  tli-    Lngth  of  tha  intervening  cable  or  i ts  local  variations  of  temperature, 
but  if  one  of  the  junction)*  amine  a  .lifferent  temperature  from  the  oth.r, 
then  a  current  passes,  and  the   I  ture  of  the  distant  junction  maybe 

i  from  the  strength  of  the  current  which  passes,  this  being  measured 
by  a  galv.in  nu. !•  i,  i.r  ilir-.'ctlv  determined  by  heating  or  cooling  the  similar 
junction  situate*!  under  the  observers  control  until  its  temperature  becomes 
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the  same  as  that  of  the  distant  one  :  this  is  known  to  have  OOCOind  when 
the  current  through  the  galvanometer  ceases.     A  eoupll  kmi  "f  thii 


kiii'l,  with  an  intervening  double  wire  ami  galvanometer,  forin  a  differential 
thermoniil'i,  the  imli.  ..Inch  must  be  interpreted  with  reference  to 

t lie-  thermo-electric  diagram  of  the  two  metals  used. 

As  sources  of  elect rii  ity,  thermo -electric  piles  are  not  much  in  use, 
Becquerel's  thermo-electric  piles,  made  of  thirty  pairs  of  blocks  or  rods  of 
artificial  .*ulj<l  pp«  r  (which  fuses  only  at  about  j  and  of 

German-silver,  can  decompose  water  wben  tin-  ■  I  i  th  ivnces  of  temperature  em- 
re  from  250°  to  300°.      In   Belri&k'l  form  of  Iff  ;ric 
twentv-five  palm  of  plates  of  O.  iniiiii -ilv.-i  aiiil  of  an  alloy  of  /in.-  ami 
antimony  |M  Hij\i!i'jvil  round  a  Bunscn  gas-burner  :   aacb  such  pQc  m  nutans 
an   effective   tflflaiWttCa   of  potential    of  from   -2  to  -T- 

BlIDBeO  humeri.-  kept  lifted,  wl  internal  resistance  i»  0*7f>  ohm*. 

In  Qlamon  'i-  pfle  about  0000  eonplei  of  tarn  n  ili-aiiiiinonv  alloy 

are  ranged  FOU ml  a  coke  fire,  ami   the   E.M.D.P.  podaMd    <-.  Li    tfti 
be   arranged    in    til*-,    about    218    Volts.       The    ifaachnmtnge    of    the: 
piles  as  sources  of  y  is  that,  in  general,  rim  K.M.I). P.  produce*!  i* 

so  extivim  ly  hinall   that  moderately-slight  external   resistance.-*   make  tie- 
uely  weak  ;  ami  own  in  ClamomlV  pile,  which  i.-  able  to  keep 
a  pair  of  electric  .  or  9fi  jkt  rem  ol   tin 

of  tbl   fire   ih  noi    eouvatted  I  a  current,  ami  i*  th«  i •  ' ■  •- 

practically  WBBtod.  For  many  purposes,  such  as  electro] dating  on  the  small 
•  nil-,  \oi  -  battarieOj  tnxei  ";  wake  prods*  an  BLJC.D.P.  aaarij  eejoa]  la 
that  I  by  seven  Daniell's  cells,  are  very  u-.-ful,  for  when  the\ 

on,.-  built  up  their  current  aan  be  produced  or  arrested  at  will.      An  arrange- 
ment like  that  of  Fig.  213  has  been  used  as  a  self-acting  source  of  e 
currents,  and  therefore  of  energy  sufficient  to  maintain  in  action  a  self- 
winding clock. 

The  most  important  source*  of  electa icity  ie  the  imnsfornmtiwii 
of  the  energy  of  work  into  that  of  electrical  separation  by  means 

magneto-electric  and  dynamo-electric  machines  tin: 
action  of  which  will  be  explained  in  the  sequel. 

Atmospheric  Electricity.  —  The  rent  regions  is 

:inl    fea   DC  at  'li'Trr.-nt  loos]  potential**.,  which  differ  from  that  of  the. 
earil  i.v     -   much  H  'Us  within  100  feet.     This  is 

Possibly  (Tait)  due  to  a  contact-*;!!,  i  between  air  and  aqueous  vapour.  A 
conductor  insulated  from  the  earth  may  be  blOO  M  same  potential  as 

any  point  in  the  air,  by  leading  to  that  point  a  metallic  wire,  ami  by  BOH 
ing   this   exploring    wire    with    an    extremely    hue    |>"int.   oi,    I 
filing  at  its  extremity  a  sponge  dipp  t  on  fire,  or  a  little 

cistern  from  which  a  quantity  of  water  U  allowed  to  drop.      In  the  fin 
case  the  flame  continuously  conveys  masses  of  gas  away  fioiu  tie-  and  of  the 
exploring  wire  ;  and  as  long  as  there  is  any  difference  of  potential  between 
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the  region  of  the  air  explored   ami    lint  conducting   .-yMem  ol'  whieh   th< 
ploring  win  ft  inns  a  port,  there  w£U  be  8  •  urri-nt  along  the  wire,  ami  finally 
the  whole  conducting  system   «dl   00906   to  the  same  potential  as  the   air 
around   the   Minn         Similarly,  waterdrope,    on  falling    from    an   insulated 
cistern,  bring  the  ci.»tern  to  the  HfflM  potential  H  the  air  around  it :  each  drop, 

battle  falling  oil",  heroines  electrified  with  a  charge  opposite,  while 
linz/le,  the  ei-tern,  and  the  main  DUB  of  WSftBf  are  electrified  with  B  ch ft] 
•imilar  t<>  that  of  the  air  in  the  neighbourhood  of  the  falling  drop.     As  thj 
drop  is  in  the  act  of  falling  off,  it  is  attracted  by  tin   ci.~U.-rn  :  it  M  held  t»ack 
as  it  falls  :  it  falls  down  with  i  than  it  would  have  assumed  if  it  had 

fallen  from  an  uninsulated  cistern  ;  and  when  it  reaches  the  ground  it  pro- 
duces less  heat.  The  energy  of  the  electrification  acquired  by  the  cistern  i^ 
equal  to  the  missing  kinetic  energy  of  the  falling  drops. 

In  an  analogous  way  the  air  within  a  room  may  be  Btrongly  electrified  j 
connect  a  Battel  with  the  conductor  of  an  electrical  machine,  and  work  the 
machine :  in  one  minute  a  Uoltz  machine  will  raise  the  potential  of  the  air 
of  a  room  by  2000  Volts. 

Differences  of  potential  which  have  been  once  originated  may 
be    increased   when    work    is   done    from    without    against    the 

electric  Co 

to  potential  V  ;  it-  free  capacity  being  C,  its  charge  is 
C'V.      Bring   up  to  it  B  second  plafee,  parallel  and  at   a  distance  t  ;    tin-  two 
plates  now  form  a  condenser.     The  capacity  of  this  condenser  is  C  =ix  sur- 
l-f  (p.  &48).     The  charge  will  now  be  divided  into  two  portions,  and 
the  potential  will  sink  to  V.     The  one  portion  of  charge  is  "  free  charv 
-  (G/C-hOj  V,  ;  the  ..ther  Ifl  hound  charge  (<-'/(J  +  C,)  V.     On  the  OCM 
plate  there  are  induced  an  attracted  charge  -  (^/C  -+■  C)  V,  and  a  repe 
charge  +  (C#/C  +  C)  V(.     Withdraw  the  latter  by  earth -contact     Remove 
tin-  etoond  plate  to  a  dlstanee  <i  ,•  the  capacity  of  the  condenser  decrease*  in 
tin-  the  charge  remains  constant  ;  the  potential  of  the  charge  qq 

the  second  plat*-  rise*  in  the  ratio  <it.  As  the  caj>acity  of  the  condenser 
diminish-  hieing  plate  reverts  to  its  original  condition;  and  when 

.-di  the  whole  of  the  original  i  haxge  once  more  becomes  "  fre»-." 
The  Electrophorus  consist*  of  a  ..ike  of  resin  or  vulcanite  and  an  in- 
sulated metallic  plate.     The  Conner  is  slightly  charged  by  being  robbed  with 
a  cat  skin  or  a  4rj  -iil,  handkerchief  J  the  metallic  plate  is  then  laid  open  it- 
The  cont.i.  t  between  the  fcwo  can  never  h  points;  practically 

i  here  is  nn  intervening  lilm  of  sit   between  the  resin  and   the  metal  I 
and  the  latter  ifl  charged  by  induction  with  an  attracted  on-i  1  charge. 

The  hilt'.  I  D ay  be  withdrawn  by  touching  the  metallic  plate  with  the  fin. 
..r   by  making   metal  lie   communication   between   the  metallic   plate  and    the 
earth  ;  the  former  charge  remains,  facing  and  attracted  by  the.  original  charge 
00  tlic  resin.      Work  is  now  done  from  without  in  pulling  the  metallic  ]•' 
may  from  the  resin  ;  as  the  distance  between  the  metal  and  the  resin  increases, 
the  eleetrostatii  ospadtr  of  (he  electrophonis,  considered  o<  an  socnmnlsd 
d  i  mi ui.dn ••  |  tin   potential  therefore  increases  both  on  the  metal  and  over  I 

LUeUfl  applied  to  the  fldge  of  tin  insulated  metallic  plate  may 
now  receive  a  »park.  When  the  metallic  plate  ie  next  laid  on  the  resin  a 
new   charge  is  induced  in  it,  which  may  again  become  a  charge  of   high 
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potential  when  the  plate  is  removed.  Small  original  charges  may  thus 
induce  Hiicct;.-.-  ■  of  high  potential.     (Holtz,  Voss,  Wi  rush  n  ret.) 

Thomson's  Replenisher. — This  instrument,  wliMi  is  used  as  a  means 
of  keeping  tin:  I.  .v.le.n  jar  connected  with  tin-  inipt&dad  iht.11.-  of  Thomson's 
electrometer  at  a  constant  potential,  is  sketched  in  the  accompanying  diagram 
(Fig.  2 1 3a).     A,  B,  two  metal  half-cylinders,  insulated  from  one  an 
C,  D,  two  metallic  plates  insulated  from  one 
another  in  of  rotation  round  the  axis      Fig.  213a. 

O  ;  E,  F,  an  insulated  spring  capable  of  touch- 
ing.' both  C  and  D  when  they  are  in  the  posi- 
tion shown  in  th.«  figure  ;  G,  H,  two  springs 
connected  with  A  and  B  and  capable  of  being 
pressed  upon  by  C  and  D  as  they  rotate.  Start 
from  the  position  shown  in  the  figure.  B  is 
positively  charged  by  contact  with  one  of  the 
plates  of  the  Leyden  jar ;  C  becomes  negatively, 
and  D  positively,  charged.  Rotate  C  to  the 
left,  D  to  the  right.  Their  metallic  conne. jj 
with  one  another  is  broken  and  they  remain 
oppositely  charged.  As  they  pass  G  and  J  I, 
(7a  -  charge  is  wholly  conveyed  to  A,  and 
D's  +  charge  to  B  ;  and  thereafter  D  and  C 
stand  in  the  former  positions  of  0  and  D. 
The  +  charge  of  the  +  plate  of  the  Leyden  jar 
may  thus  by  continuous  rotation  of  CD  be 
i •oiitinuou.-ly  increased.  If,  on  the  other  hand, 
C  be  rotated  to  the  right,  D  to  the  left,  C's 

negative  charge  is  conv.-y.--l  to  B,  and  the  positive  charge  of  the  +  pinto 
of  the  condenser  may,  by  continuous  rotation  in  this  sense,  be  reduced  to 
any  desired  extent,  or  even  reversed.  The  jHiU-ntial  of  the  L>  \L  n  jar  may 
thus  be  adjusted  to  any  desired  amount,  winch  may  be  determined  by  a 
subsidiary   pair  of  plates,  u 

connected  with    the   inner  :. 

and  outer  coatings  respect- 
ively and  separated  by 
springs,  coming  to  assume 
a  position  at  any  pre-ar- 
ranged fixed  distance  from 
one  another. 

Thomson's  Water- 
Gravity  Electric  Ma- 
chine.—In  Fig.  214,  A 
and  B  are  two  Leyden  jars, 
whose  inner  coatings  con- 
sist of  sulphuric  acid  and 
are  connected  with  the  metal 
tube*  C,  F  and  I),  E  respect- 
ively. C  and  D  are  co-axial : 
so  are  E  and  F.  Water  falla 
in  drops  from  Hub  bifurcated  metal-tube  G,  which,  being  1  with 

the  ordinary  water  supply,  is  in  communication  with  the  earth,  and  is  there- 
fore at  zero  Potential.     A  small  initial  charge,  consisting  (say)  of  positive 
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electricity,  is  imparted  to  one  of  the  Leyden  jars,  Kay  A.  Water  is  made  to 
flow  from  G  in  streams  so  thin  as  to  break  up  into  drops  within  the  tubes  C 
and  E.  Just  before  these  drops  break  off  from  the  Btreara,  they  are  by  induc- 
tion within  C  charged  with  negative  electricity,  while  the  complementary 
positive  charge  is  conveyed  along  G  to  the  cartlu  When  the  dropB  have 
become  separate,  they  fall  down  charged  negatively.  They  then  fall  upon 
a  metallic  funnel  placed  in  the  tube  D,  and  charge  the  exterior  of  that  tube 
negatively  :  this  cliarge  is  shared  with  the  Leyden  jar  B.  This  Leyden  jar, 
thus  negatively  charged,  by  a  corresponding  inductive  action  causes  the 
drops  which  fall  through  E  to  become  positively  charged.  When  these 
drops  fall  upon  F  they  increase  the  positive  charge  of  the  Leyden  jar  A. 
Thus  the  Leyden  jars  A  and  B  become  more  and  more  highly  charged,  the 
OM  wfth  po.sitiw,  the  other  with  negative  electricity  on  its  inner  coat.  The 
energy  of  their  electrification  is  derived  from  the  work  done  by  gravity  upon 
the  falling  water;  ami  tliu-  tlii«  contrivance,  due  to  Sir  William  Thomson, 
is  an  electrical  machine  worked  by  gravity. 


Electrical  Currents. 

In  a  conductor,  say  a  wire,  along  which  a  current  is  steadily 
and  uniformly  passing,  there  is  no  internal  accumulation  of 
electricity,  no  density  of  internal  distribution  j  there  is,  on  the 
other  hand,  an  unequally-distributed  charge  of  electricity  on  the 
surface  of  the  wire,  which  results  in  a  potential  diminishing 
within  the  wire  from  one  end  of  the  wire  to  the  other. 

The  superficial  distribution  of  electricity  over  the  surface  of  a  conduct 
aerial  wire  is  not  so  great  as,  but  otherwise  resembles,  that  over  the 
of  the  metallic  core  of  a  submarine  cable  through  which  a  steady  current  is 
flowing. 

The  Intensity  of  a  current — i.e.,  the  Quantity  of  electricity 
which  passes  across  any  cross-section  of  the  conductor  during 
one  second  of  time  —  depends,  on  the  one  hand,  upon  the 
effective  difference  between  the  potentials  of  different  parts  of 
the  conductor,  and,  on  the  other,  upon  the  nature  of  the  con- 
ductor—that is  to  say,  upon  its  size  and  its  substance.  A  thin 
wire  is  a  worse  conductor— has  less  Conductivity  and  offers  more 
Resistance — than  a  thick  one:  a  silver  wire  conducts  better 
than  a  copper  one. 

The  relation  between  E  the  electromotive  difference  of  poten- 
tial, I  the  Intensity  of  the  current,  and  li  the  Resistance  of  a 
uniform  conductor,  is,  when  the  flow  is  uniform,  expressed  by  the 
equation,  I  =  E/R  When  there  are  several  sources  of  difference 
of  potential  within  the  circuit  and  several  successive  conduc- 
tors, each  of  which  offers  its  own  resistance  to  the  onward  flow 
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of   the    current,  the    law    assumes    the    generalised   form    that 
2E      effective  sum  of  all  the  differences  of  potential 
"  2R~~         sum  of  all  the  successive  resistances 
is  Ohm's  Law. 

The  <'.<:.S.  KK  eii..-tat>  Tuit  of  Intensity  is  the  intensity  of  a  current  in 

v.  h    li  one  C.G.S.  electrostatic  unit  of  quantity  passes  a  given  section  of  the 

conductor  during  one  second.     It  is  tin-  current  which  passes  when   the 

nee  of  potential  £=  1  C.G.S.  electrostatic  unit,  and  the  total  resistance 

is  also  K  =  1  C.G.S.  electrostatic  unit  of  resistance. 

The  C.G.S.  Electrostatic  Unit  of  Resistance  is  the  resistance  offered  by  a 
conductor  which,  when  it  is  interposed  between  two  bodies  whose  potentials 
are  maintained  at  a  constant  difference  of  one  C.G.S.  electrostatic  unit,  allows 
1  US,  Electrostatic  unit  of  Quantity  to  pass  along  it,  per  second. 

These  units  are  inconvenient  for  practical  purposes,  and  electricians  use 
as  their  practical  units  certain  fractional  or  integral  multiples  of  these. 

The  Resistance  of  a  uniformly-cylindrical  conductor,  such  as 
a  wire,  depends  upou  three  things  :  (1)   its  length  /,  directly ; 

be  cross-section  s,  inversely ;  (3)  its  Specific  Conductivity 
c,  inversely.     It  is  therefore  equal  to  //sc  =  R. 

The  reciprocal  of  c,  (l,'r)«=r,  tin    Specific  Resistance  of  a  substance. 
The  resistance  of  a  conductor  of  length  I  and  cross-section  t  is  tb- 
equal  to  Irjt  m  R, 

The  specific  conductivity,  0,  of  any  substance  is  a  constant, 
special  to  each  substance,  and  even  found  to  differ  from  sample 
to  sample  of  that  which  is  nominally  the  same  substance.  It 
]  I'hsents  numerically  the  number  of  electrostatic  units  of 
electricity  which  can  pass  per  second  between  two  bodies  kept  at 
a  constant  potential-difference  of  one  unit,  when  the  conductor 
interposed  between  these  bodies  has  a  length  of  1  cm.  and  n 
cross-section  of  1  sq.  cm.  It  varies  very  greatly  from  one  sub- 
stance to  another. 

In  the  following  table  the  first  column  of  figures  gives  the 
specific  resistances,  the  next  column  tin  i  "lnluctivities,  of 

a  certain  numl>er  of  substances  ;  while  the  third  column  gives  the 
numbers  which  denote  their  relative  conductivities  when  the  con- 
ductivity of  mercury  is  taken  as  a  standard  and  called  unity.  It  is 
very  usual  to  take  the  conductivity  of  silver  us  a  standard  =  100. 

The  numbers  in  the  following  table  hare  'with   tin-  ttMDlian  of  those 
ted  the  lo.«t  four  substances)  been  calculated  from  the  data  of  the  nut) 
named,  on  the  assumption  that  a  rod  of  mercury  1    metre  long  and  1  sq. 
nun.  in  Motion  has  a  resistance  of  953/900,000000,000000  C.O.S.  electro- 

unitfls'953  Ohm;  or,  in  other  words,  that  the  Ohm,  th. 
Association  at  practical  unit  of  resistance  (the  resistance  of  a  certain  standard 
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wire,  which  is  intended  to  represent  1000,000000  "  electromagnetic  "  C.G.S. 
unite,  or  the  900,000,000000th  part  of  a  C.Q.S.  electrostatic  unit  of  reahrt- 
ance),  is  the  resistance  of  a  column  of  mercury  1  sq.  mm.  in  section  and 
1*049318  metre  in  length.  If,  in  the  report  of  the  Committee  of  the  Paris 
Electrical  Congress  of  1881,  appointed  to  consider  this  matter,  it  be  declared 
that  any  other  value  of  the  Ohm  (as  measured  in  lengths  of  mercury-column) 
is  the  true  one,  thru  I  ute  value*   in   the  first  two  numerical  OUlllBHIl 

of  the  above  table  will  have  been  found  to  be  erroneous,  and  will  all  have 
to  be  proportionately  corrected  ;  but  the  relative  values  in  the  third  column 
will  i fiiiniii.  In  the  meantime,  Lord  Baylei^h  and  Mtv.  Sidgwiofc  find  that 
the  value  of  the  British  Association  Standard  Coil  is  0*98651  times,  or  by  a 
later  llimHIHMimilt.  0"Mf77  tim--  it-  Intended  value  in  C.G.S.  units,;  Messrs. 
Glazebrook,  Dodds,  and  Sargant  assign  to  it  the  value  0*986439  times  the 
theoretical  Ohm,  and  Messrs.  Glazebrook  and  Sargant  a  value  of  0*98665  ; 
Prof.  Rowland  gives  the  number  0*9912  ;  the  mean  value  seems  to  be  (Brit. 
Assoc.  Commits.;,  1883)  =  0*9867  ;  while  Joule,  assigned  to  it  the  value 
0*9873. 

Joule's  conclusion  was  arrived  at  thus:  the  heat  required  to  raise  1  lb.  water 
from  60a  to  61°  F.,  was  equal  to  24,868  foot-poundals ;  the  heat  derived  from 
a  known  absolute  current  passing  through  a  resistance  of  known  amount  (as 
compared  with  the  B.A.  Standard  Coil),  yjaw  the  value:  25,187  foot-pounduls 
to  the  same  quantity  of  heat,  on  the  assumption  that  the  B.A.  Standard  Coil 
represented  its  intended  value  ;  these  discrepant  values  can  be  reconciled  by 
assuming  that  the  BJL  Coil  iB  really  equal  to  *9873  Ohm. 

From  the  value  B.A  Coil  =  0*9867  Ohm,  coupled  with  the  value  assigned 
by  Matthiessen  to  the  Iptoiflc  resistance  of  mercury,  it  would  follow  that  tin-  re- 
sistance of  a  metre  of  mercury  1  sq.  mm.  in  section  is  not  0*953  but  0*9403251 
Ohm  |  but  the  conductivity  of  mercury  is  such  as  still  further  to  modify 
this  value,  and  to  replace  the  figure  0*953  above  not  by  0*9403251,  but  by 
0*9413:  and  accordingly  the  Ohm  is  the  resistance  of  a  mercury  column  1  sq. 
mm  in  section,  and  10*8*24  cm.  in  long 

The  conductivity  of  an  Ohm-Coil  may  .Sir  Win.  Thomson)  be  called  a  Mho. 

If  the  foregoing  table  be  read  without  the  multiplier  or  divisor,  t*2,  it  then 
expresses  the  specific  resistances  and  conductivities  in  another  ■Jtttem — the 
Electromagnetic  system  of  C.G.S.  units,  from  which  the  Ohm  and  the  Volt 
are  primarily  derived,  the  Ohm  being  109  electromagnetic  units  of  resistance, 
and  the  Volt  108  electromagnetic  units  of  potential-difference.  This  system 
depends  ujwm  tihl  laws  of  Magnetism,  afterwards  to  be  explained. 

The  conductivity  of  metals  decreases,  that  of  some  bad  con- 
ductors or  insulators  increases,  with  their  temperatures :  a  heated 
wire  or  dynamo-electric  macliine  increases  the  resistance  in  tin' 
circuit  of  which  it  forms  a  part  Very  roughly,  and  with  well- 
marked  exceptions  in  the  cases  of  iron  and  mercury,  the  resistance 
of  a  metallic  conductor  is  proportional  to  its  absolute  temperature. 

*  The  Congress-Ohm. — The  above  paragraphs  have  boon  allowed  substantially  to 
remain  because  the  Paris  Committee  in  May  1884  issued  a  report  not  declaring  the  true 
value  of  the  Ohm,  but  recommending  a  practical,  but  only  an  approximate,  repre- 
sentation of  that  unit  of  resistance  in  the  shape  of  a  column  of  mercury  1  sq.  mm.  in 
cross-section  and  100  cm.  in  length  at  0°  C;  the  mean  of  all  the  values  published 
bates  that  date  being  106*02. 
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When  metals  melt  their  conductivities  fall  suddenly.    Alloys 
are  in  general  worse  conductors  than  the  arithmetical  conftidi 
tion  of  their  percentage  composition  and  the  conductivities  of  their 
component  metals  would  lead  us  to  expect. 

There  is  a  hroad  resemblance  between  the  conductivities  of 
metals  for  electricity  and  for  heat :  the  best  conductors  of  the  one 
are  in  general  the  best  conductors  of  the  other ;  and  in  both  cases 
alloys  offer  a  relatively  high  resistance.  The  series  are,  however, 
not  identical. 

Variable  Conductivity. — Conductivity  varies  not  only  with  varying 
t« ■iMiM-i-at in i-,  but  also  with  varying  magnetisation,  tendon,  Ionian,  or  pres- 
sure. It  increases  with  longitudinal  stretching,  diniiui.-h.-s  with  longitudinal 
compression  of  a  wire,  and  diminishes  in  iron,  but  increases  in  tin  and  zinc, 
when  the  stress,  being  transverse,  tends  to  widen  the  wire  (Tonilinaon).  In 
lers  or  porous  material,  such  as  metal  filings,  platinum  sponge,  charcoal, 
it  EnCSMMI  with  the  pressure;  and  if  the  pressure  vary  within  small  limits, 
the  variations  of  conductivity  follow  and  are  proportional  t->  the  variations  of 
pressure.  This  is  the  principle  of  the  Microphone.  In  such  materials  Heat 
raises  the  internal  pressure  and  therefore  the  contact,  and  this  modifies  the 
amount  of  resistance  and  the  heat  produced  within  the  conductor  :  thin 
itself  affects  the  conductivity,  as  in  the  Tasi  meter,  which  detect*  changes 
in  temperature  by  the  variation  of  a  current  passing  through  a  rod  of 
carbon  fixed  between  metallic  supports,  and  exposed  to  varying  temperatures. 
Selenium,  which  in  the  amorphous  form  is  a  non-conductor,  but  in  the 
crystalline  form  is  a  conductor,  varies  in  conductivity  with  its  state  of 
aggregation,  it*  temperature,  the  length  of  tin u-  "luring  which  a  current  has 
been  passing  through  it ;  and  crystalline  selenium,  when  acted  upon  by 
light  (especially  the  yellow  and  the  red),  and  to  a  less  extent  when  acted 
upon  by  dark  rays,  increases  in  conductivity  :  in  the  case  of  very  bti 
sunlight  this  increase  being  sometimes  even  tenfold.  Light  of  variable 
intensity  produces  corresponding  and  rapidly -responding  variations  in  the 
conductivity  of  the  crystalline  selenium  upon  which  it  may  fall — a  fact 
utilised  in  the  construction  of  the  Photophone.  Metals,  unlike  seleni 
become  worse  conductors  as  the  temperature  rises ;  but  Siemens  asserts  that 
at  210"  C.  selenium  changes  its  ch.ir.i oh t  and  comes  to  act  like  a  metal. 

Reduced  resistance  and  reduced  length  of  a  Conductor. — 
This  may  he  explained  by  a  few  numerical  examples.  We  sup- 
pose the  unit  of  resistance  to  be  the  Congress  -  Ohm,  as  above 
defined,  the  resistance  of  freshly- distilled  mercury  in  a  column  of 
1  sq.  mm.  section  and  1*06  metres  in  length, 

1.   What   length   of  soft-copper  wire  of  1  sq.  mm.  sectional 
area  will  give  a  resistance  equal  to  one  Congress-Ohm  ?      1*06  x 
61*70  =  G 5-402  metres.    The  figure  6 170  is  taken  from  the  table 
of  conductivities  above.  The  Resistance  of  65*402  metres  of  copper 
is  thus  equal  to  that  of  106  metres  of  mercury:  the  Redu 
Length  of  65*402  metres  of  copper  is  1*0  G  metres  of  niereuiy. 
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2.  What  will  l>e  the  resistance  of  a  column  of  mercury  100 
metres  long  and  1  sq.  cm.  in  section  ?     It  will  be  equal  t<> 

of  a  column  of  mercury  1  sq.  mm.  in  section  x  1  metre  in  length 
multiplied  by  /  =  100,  and  divided  by  s  =  10s.  It  is  therefore 
0'9434  Congress-Ohm.  Its  reduced  length  is  1  metre  of  standard 
mercury-column. 

3.  What  will  be  the  absolute  resistance,  and  what  the  resist- 
ance in  Ohms,  of  100  metres  of  platinum  win;  whose  diameter  is 
1  millimetre?  Its  sectional  area  s  =  7rr2=ir  (Jfc)3  sq.  cm.= 
b/oo  ^  cm-  J  *te  length  /  =  100,000  cm. ;  its  specific  resistance 
r  is  1475204  -*-  w2;  the  Resistance  of  the  wire  is 

3,005,320,000000 


fr       ,aaaa«      14752-04      6400 
-=  100,000  x -, x- 

8  V1  IT 


tf* 


C.G.S.  electrostatic  unite,  or  3005*32  Ohms,  such  as  those  of  the 
table,  p.  580  (i.c,  resistances  of  1  0493 18  metres  mercury-column), 
or  {3005-32  x  (104931 8  -  1-06) }  Congress- Ohms. 

The  intensity  of  a  steady  current  is  measured  by  a  Galvano- 
meter (pp.  647,  661),  round  the  magnetic  needle  of  which  the 
current  is  passed:  in  the  Tangent  Galvanometer  the  tangent  of 
the  angle  of  deflection  of  the  needle  is  proportional  to  the  inten- 
sity of  the  current. 

The  intensity  of  a  current  is  equal  throughout  all  parts  of  a 
circuit  in  which  there  is  a  steady  flow.  A  magnetic  needle  is 
equally  deflected  when  brought  into  the  neighbourhood  of  any 
part  of  the  circuit,  whether  the  circuit  be  locally  composed  of 
solid,  of  liquid,  or  of  heated  or  rarefied  gas. 

The  practical  unit  of  intensity  is  the  intensity  of  that  current  which  is 
produced  in  a  conductor  whose  total  resistance  is  1  Ohm  ( =  1/900,000,000000 
COS.  electrostatic  unit),  when  there  is  kept  up  between  its  extremities  a 
potentinl-ilill»r.uce  which  constantly  amounts  to  one  Volt,  or  1/300  C.GJS. 
electrostatic  unit. 


„      E      I  Volt 
SmCeI=R  =  TOhnr 


1/300 


C.G.&EJ3.  unit 


I   !K)0,000,000000  <:.<;SF.s.  unit 


=  3000,000000, 


the  practical  unit  of  intm-ity,  tin;  Ampere,  in  equal  to  3000,000000  C.GJS. 
electrostatic  units  of  intensity. 

In  a  current  whose  iutensity  is  one  Ampere,  the  practical  unit  of  quantity, 
the  Coulomb,  passes  any  given  section  during  each  second:  the  Coulomb 

LOB  equal  to  3000,000000  ctrostatic  units  of  quantity. 

Electrical  engineers  have  adopted  the  Ohm,  the  Volt,  etc.,  as  means  of 
practical  measurement.  The  Ohm  and  the  VflU  in  electrical  workshops  are 
not  abstract  calculations,  but  standard  wires  and  standard  batteries  (or 
multiples  or  fractions  of  these),  fag  DamptriMB  with  which  the  resistance  or 
the  E.M.D.P.,  the  so-called  electromotive  force,  of  any  given  combination  of 
materials  may  be  relatively  measured. 
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Dimensions  of  Electrostatic  Measure. — Intensity — a  qn<v 
passing  per  second  :  [I]  =  [Q/T]  =  [M4L1/T]  •§•  [T]  =  [M*LtyT*]. 

Resistance  :    [R]  =  [E/I]  -  [MlLtyT]  -r  [MHJ/T2]  =  [T/L] ;   Cond  D  •  - 
ti  vity  -  [1/R]  =  [L/T],  a  Velocity.* 

Specific  Resistance  :  [r]  =  [R]  x  [*{t]  =  [T/L]  x  [L*/L]  =*  [T]. 

Specific  Conductivity  :  [c]  =  1  4-  [r]  =  [1/T]. 

The  above  dimensions  are  based  on  the  assumption  that  the  Quantity 
trkity  in  n,  current  is  the  same  thing  as  the  Quantity  of  an  electro- 
static   charge:    they    are    therefore    called    Dimensions    in    Electrostatic 
Measure. 

Fall  of  Potential  in  a  Homogeneous  Conductor  of  uniform 
thickness. — During  the  maintenance  of  a  steady  current  one  end 
of  a  homogeneous  conductor  is  at  a  higher,  the  other  at  a  lower 
potential,  and  between  these  points  the  fall  is  gradual,  so  that 
intermediate  points  are  at  intermediate  potentials.  Fig.  215  shows 
Fig.2i6.  that  if  the  length  of  the  con- 

"]  ductor  be  represented  by  CZ, 
the  end  C  connected  with 
the  positive  pole  of  the  Lat- 
-  tery  is  at  a  potential  whadb 
differs  by  (P)F  from  the 
potential  of  the  end  Z,  connected  with  the  negative  pole.  The 
Fall  is  steady,  and  depends  (1)  upon  the  difference  of  potential 
between  the  ends  of  the  conductor,  and  (2)  upon  the  length  of 
the  conductor;  it  is  measured  by  the  Slope  of  the  line  IT',  the 
amount  of  fall  of  potential  per  unit  of  length.  It  is  not  easy  with 
short  pieces  of  wire  to  observe  the  different  potentials  at  diner* 
parts  of  the  conductor ;  but  when  long  wires  are  used,  or  when 
the  current  is  made  to  pass  through  a  column  of  water,  electro- 
scopes may  then  be  attached  to  different  parts  of  the  wire  or  of 
the  column  of  water,  and  will,  if  the  batter}*  be  connected  at  its 
midpoint  with  the  earth,  show  that  the  conductor  is  near  C  at  a 
positive  potential,  that  towards  the  midpoint  this  diminishes,  that 
the  midpoint  of  the  conductor  is  a  point  of  zero  potential  (the 

•  Suppose  a  sphere  of  radius  r  and  therefore  of  capacity  -  r  to  bo  charged  with 
quantity  Q;  the  potential  will  be  V  =  Q]r;  and  Q  =  Vr.  If  this  sphere  be  con- 
nected with  the  earth  by  a  wire,  whose  resistance  is  K,  fur  a  short  time  t,  a  current 
will  run  through  that  wire,  whose  mean  intensity  is  I ;  the  quantity  conveyed  by 
that  current  in  time  t  is  It;  and  this  is  lost  by  the  sphere,  whose  charge  sinks  to  Q*. 
Henco  Q  -  Q'  =  It  If  the  potential  of  the  sphere  is  not  to  sink,  the  radius  must 
diminish.  If  the  radius  shrink  to  ¥  in  time  t,  the  velocity  of  its  contraction  is 
(r -/)/*-•  and  Q  =  rV  as  before;  and  also,  Q'sr/V,  V  being  unchanged.  From 
these  we  find  that  (r  -  r*)/!  m  I/V  -  1/K  ■  C,  the  conductivity  of  the  wire.  But 
(r  -  r')/t  is  a  Velocity  ;  whence,  in  electrostatic  measure  the  Conductivity  of  a  wire 
is  a  Velocity, 
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potential  of  the  earth),  and  that  as  we  approach  Z  we  find  the 
potential  increasingly  negative. 

The  same  diagram  represents  for  a  uniform  conductor,  such 
as  a  wire,  the  variations  in  the  density  of  the  superficial  charge 
borne  by  the  wire,  and  in  virtue  of  which  the  potential  falls :  the 
potential  within  the  wire  varies  as  its  superficial  density,  and  the 
equipotential  surfaces  Within  the  wire  are  equidistant  and  approxi- 
mately plane.  In  conductors  of  less  simple  form  the  relation 
between  the  superficial  charge  and  the  internal  equipot 
surfaces  is  more  complicated  than  this. 

Resistance  in  a  Heterogeneous  Conductor. — When  a  con- 
dllCtOX  is  made  up  of  a  succession  of  conductors  which,  on  account 
of  their  differing  materials  or  conditions  or  thicknesses,  present 
different  resistances  to  the  current,  it  may  become  necessary  to 
consider  eacli  conductor  as  reduced  to  an  equivalent  length  of  a 
standard  conductor  such  as  a  column  of  mercury  1  sq.  nun.  in 
cross-section.  For  example :  a  current  passes  successively  along 
(1)  a  metre  of  mercury  1  sq.  mm.  in  section;  (2)  10  metres  of 
mercury  1  sq.  cm.  in  section ;  (3)  1  mm.  of  pure  water  1  cm.  in 
section ;  (4)  61*70  metres  of  soft  copper  wire  4  sq.  mm.  in  cross- 
section  :  what  is  the  total  resistance  of  this  coml-ination?  We 
must  reduce  all  to  a  common  term,  to  reduced  lengths  of  our 
standard  mercury  column.  Then  above  (1)  is  equivalent  to  a 
metre  of  such  a  column,  (2)  is  equivalent  to  ^  metre,  (3)  to 
140,845  metres,  and  (4)  to  ^  metre  of  such  a  mercury  column  ; 
and  the  whole  resistance  is  that  of  140,846*35  metres  of  the 
standard  conductor. 

In  a  galvanic  circuit  we  hare  to  consider  two  sets  of  resistances  :  those 
internal  to  the  cells,  the  internal  resistance,  R, ;  those  in  the  conducting 
medio,  the  external  resistance,  Rr     Then  Ohm's  Law  is  I  =  E/R,  +  K,. 

Let  n  cells  be  arranged  aide  by  8ide,  copper  to  copper,  zinc  to  zinc  ;  the 
E.M.D.P.  of  the  combination  i«  the  same  as  that  of  one  «.-ll,  ml  -  E  Volts  ; 
r*rnal  resistance  (the  combination  being  virtually  one  cell  of  n-foUl 
surface)  is  R,/n  Ohms  ;  the  external  resistance  is  unaltered.     The  hit 
ia  therefore 

I  =  {E/(tyn)  +  R»}  -  {nE/R«  +  nR#}  Amperes. 

If  the  internal  resistance  be  extremely  small  in  comparison  with  the 
external,  R<  may  vanish  from  this  expression  ;  then  I  —  ]  nK/nR,}  »E/R# 
Amperes,  and  there  in  found  to  bt  I  tu^e  in  ihe  use  of  many  cells  ; 

but  if  the  external  resistance  be  extremely  email,  tht  iu:<  n-ity  becomes 
J  jiE  R,},  and  the  side-by-shle  arrangement  in  Surface*  is  the  best 

If  ti  cells  be  arranged  in  file,  copper  to  zinc,  the  E.M.D.P.  i-  hK  Volts  ; 

•  Obsolete  srnun)'tu— "  in  Qiuir 
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the  internal  resistance  is  nit,  Ohms  ;  and  the  external,  as  before,  K#  Ohms. 
The  intensity  is  now  I  =  |nE/nR,  -f  K,[  Amperes.  This  arrangement  of 
cells  behind  one  another  in  Indian  file  or  in  Series*  i9  the  beat  when  the 
internal  resistance  El  extremely  small  in  comparison  with  the  external  ;  for 
then,  R|  vanishing,  tint  intemity  is  jnE/R,}-  Amperes;  while  if  the  external 
resistance,  OB  the  other  hand,  be  exceedingly  small  in  comparison  with  the 
internal,  the  intensity  is  jnE/tiR^  =  E/R(1  which  differs  but  little  from 
•[E/R,  +  R,  J,  the  intensity  of  the  current  produced  by  one 

For  extremely  great  external  resistances,  then,  arrange  in  Series  ;  for 
extremely  small  external  resistances,  arrange  in  Sin- face. 

When  neither  the  internal  resistance  nor  the  external  can  be  considered 
as  vanishingly  small  the  one  in  comparison  with  the  other,  the  beet  arrange- 
ment is  to  unite  cells,  ab  in  number,  into  a  series  of  b  each  :  in  each  series  of 
/»,  the  6  cells  are  placed  x'v.h  by  side,  copper  to  copper,  zinc  to  zinc  ;  then  a 
6uch  series  are  arranged  in  hie,  the  copper  terminal  of  each  series  being  con- 
nected with  tin-  zinc  of  the  next.  In  this  way  we  virtually  make  up  a  large 
eeUa,  each  of  6-fold  surface,  and  we  arrange  these  in  tile. 

I D  Stan  of  these  virtual  large  cells  the  E.M.D.P.  is  E  Volts ;  the  resist- 
ance is  1  -6th  of  r  Ohms,  the  resistance  of  a  single  celL     Now  couple  a  such 
lis;    the  E.M.D.P.  of  the  combination  is  oE  Volts;   the  internal 
resistance  of  the  whole,  Re  is  equal  to  a  x  (r/6)  Ohms  ;  the  intensity  of  the 
current  produced  is 

oS  aE  E 

a-+R,        ~+R,       —+T 
h  n  n        a 

Amperes,  where  n  =  aA  The  denominator  of  the  last  fraction  is  the  least 
possible,  and  the  value  of  the  intensity  consequently  the  greatest,  when 
R#/'r  m  a/6.  When  the  intensity  is  greatest,  R,  is  thus  equal  to  or/6,  or  the 
external  resistance  is  equal  to  R„  the  internal.  If  the  external  resistance  be 
equal  to  nr,  and  still  more  if  it  be  greater  than  nrt  the  problem  of  the  most 
advantageous  arrangement  of  the  cells  in  rank  and  file  becomes  on  insoluble 
one,  and  tin-  tells  must  be  arranged  in  series. 


Probbm. 

Sixty  Grove  cells,  in  each  of  which  the  resistance  is  '6  Ohm,  are  at 
disposal:  a  resistance  of  10  kilometres  of  soft  copper  wire  of  4  mm.  riiamtilM 
is  to  be  encountered  ;  what  is  the  best  arrangement  of  the  cells  1  The  ex- 
ternal resistance,  R„  is  that  of  1 ,000,000  cm.  of  copper  wire  of  croas-eectioii 
•125664  sq.  cm.  and  relative  conductivity  61*70:  this  is  equal  to  12*16841 
Congress- Ohms.  Now  in  the  equation  R#  =  ar/6  =  a-V/n,  R#  *  12*16841, 
r  =  0*6,  n  =  60  ;  whence  a  =  34 '9.  The  nearest  feasible  number  correspond- 
ing to  this  value  of  a  is  30  ;  and  the  best  arrangement  is  the  division 
60  cells  into  30  virtual  double-surface  cells,  arranged  in  Series. 

If  the  external  resistance  be  that  of  one  kilometre  of  such  wire,  a  being 
found  equal  to  11*03,  the  best  arrangement  is  12  sets  of  cells,  each  contain- 
ing 5  cells  joined  in  surface,  these  sets  being  joined  to  one  another  in  Series. 
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The  Fall  of  Potential  in  a  Heterogeneous  Conductor. — If 
we  draw  a  diagxantj  Hitting  "in    qb   i   haoo  Ifnr  and  using  as 

abscissae  the  reduced  lengths  of  the  several  successive  conductors 
which  make  up  a  heterogeneous  conductor,  and  if  for  a  moment 
we  let  drop  from  view  the  local  differences  of  potential  set  up  by 
contact  of  different  materials,  then  the  line  of  potentials  slopes 
uniformly  down  from  one  end  of  the  heterogeneous  conductor  to 
the  other  end,  and  from  such  a  diagram  we  may  find  the  total  fall 
of  potential  within  each  component  conductor.     Fig.   216  very 


I  tfJQfl. 
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Water 
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diagrammatically  represents  the  fall  of  potential  in  the  composite 
conductor  specified  in  the  preceding  large-type  paragraph,  p.  585. 
A  A'  ifl  the  potential  at  the  junction  of  the  slender  and  the  thicker 
column  of  mercury,  Iil>'  that  at  the  one  surface,  CC*  that  at  the 
other  surface  of  the  water,  00'  and  DIV  the  terminal  potentials. 
If  now  we  follow  this  up  with  another  diagram  in  which  Un- 
real lengths  of  the  conductors  are  supposed  to  be  represented,  we 
find  a  remarkable  appearance  presented  by  it.  The  potential- line, 
which  indirntes  the  successive  falls  of  potential,  is  represented  by 
the  line  O'A'B'C'l/  in  Big.  217.     The  fall  of  potential  is  e.\ 


Fif.217, 


o' 

ingly  rapid  in  the  bad  conductors,  for  bad  conductors  keep  Up  I 
great  difference  of  potential  within  their  substance ;  and  tbc  wfeok 
fall  of  potential  is  distributed  among  the  component  conductors, 
to  each  according  to  its  Reduced 

If  there  be  local  differences  of  potential  within  the  conductor, 
these  must  he  added  to  or  subtracted  from  the  total  fall  of 
potential  for  which  the  conductor  has  to  provide.     Let  AB  be  a 

factor,  of  which  one-half  consists  of  copper  wire,  the  other 
half  of  zinc  wire,  of  an  equal  thickness,  and  let  its  extremities  be 
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kept  at  potentials  which  differ  by  2 AX.     In  Fig.  218  AC  is  the 
reduced  length  of  the  copper  wire,  and  CB  (=?ill?  AC)  the 


Flgr.218. 
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reduced  length  of  the  zinc  wire.  Between  the  copper  and  the 
zinc  there  is  a  rise  of  potential  represented  by  DE,  which  makes 
the  slope  of  the  line  of  potentials  steeper  throughout  the  con- 
ductor. To  BX'  add  X'F,  which  is  equal  to  DE :  connect  X  and 
F  by  a  dotted  line.  Of  this  the  portion  XX)  represents  the  fall 
of  potential  within  the  copper :  the  sudden  rise  of  potential  at  D 
brings  the  line  of  potentials  up  to  E,  whence  it  is  continued 
parallel  to  XF,  along  the  course  EX',  arriving  at  the  terminal 
potential  X'.  From  this  diagram  another  may  be  constructed  in 
which,  instead  of  the  reduced  lengths  AC  and  CB,  the  correspond- 
ing true  lengths  may  be  represented  and  the  corresponding  true 
slope  of  the  potential-line  found  for  each. 

If  we  take  as  another  example  of  a  composite  conductor  the 
whole  circuit  of  a  single  one-fluid  galvanic  cell,  with  its  connecting 
wire,  we  find  that  the  corresponding  diagram  presents,  when  the 

conductors  are  repre- 
sented by  their  reduced 
lengths,  a  form  such  as 
that  indicated  in  Fig. 
219.  The  zinc  is  nega- 
tive, the  copper  positive, 
relatively  to  the  fluid; 
and  at  the  junction  of 
copper  and  zinc  the 
potential  takes  a  sudden 
rise,  for  the  zinc  is  posi- 
tive at  the  point  of  con- 
tact with  the  copper. 
We  might  again  reduce 
this  diagram  to  another  in  which  the  reduced  lengths  of  the  dif- 
ferent parts  of  the  circuit  would  be  replaced  by  their  true  lengths, 
and  the  true  slope  of  the  potential-line  found  for  each. 
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From  this  we  find  that  the  actual  difference  of  potentials  be- 
tween the  plates  of  a  battery  in  a  closed  circuit  depends  upon  (hi 
relation  between  the  internal  and  the  external  resistance. 

Flow  through  large  Conductor*.— If  a  conductor  be  very 
wide  in  comparison  with  the  wires  leading  to  and  from  it,  the 
current  widens  out,  and  no  part  of  the  conductor  is  free  from 
equipotential  surfaces  and  lines  of  flow.  If  it  be  practically 
infinite  the  resistance  offered  by  it  depends  on  the  radius  oi 
wires  or  plates  connecting  it  with  the  battery,  anil  on  the  specific 
resistance  of  the  conductor  itself:  not  on  the  distance  traversed 
by  the  current  in  the  wide  conductor. 

Some  bold  this  to  explain  the  fact  that  the  earth  itself  can  be  used  in 
telegraphy  in  place  of  a  return  wire  ;  others  hold  that  the  earth  in  that  case 
does  not  directly  act  as  a  conductor,  but  &a  a  means  of  bringing  the  two  plates 
embedded  in  it,  and  connected  with  the  extremities  of  the  jungle  wii 
ployed,  to  zero  potential.      In  Fig.  220  the  battery  B  is  connected  with  two 
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galvanometers,  O  and  O',  by  a  long  teh-^raphic  wire  mi  £  A:  at  K 

>ntact  may  be  made  or  broken.  CD  is  a  wire,  the 
continuity  of  whi.h  may  he  broken  by  another  key.  When  C  and  D  are 
connected  through  the  wire  CD,  and  connection  mil.  it  K,  both  K-dvano- 
incten  are  deflected.      If,  however,  the  connection  CD  be  broken,  and 

u';  jnil.'  ll  K,  ;ln  ^.ilvjuininet.T  G  is>  al«>:ie  deflect  M  .1  :  the 
eartli  between  E  Hid  K'  dot*  not  simply  replace  the  wire  COD  btflTMU  C  and 
D.  On  the  other  hand  it  is  l*yond  doubt  that  currents  do  run  in  the  earth's 
crust  A  telephone,  part  of  whose  circuit  ruiiK  in  the  -trai^ht  line  joining 
two  telegraph  stations,  will  pick  up  signals  from  the  earth-currents. 

Derived  Currents. — When  a  current  in  its  course  finds 
the  conductor  to  divide  and  reunite,  it 
divides  into  portions  which  ran  along 
the  several  paths  open  to  it.  In  Fig. 
221  the  current  arriving  at  A  divides 
into  two  moieties ;  if  the  two  paths  be 
equal  in  their  resistance,  these  moi 
will  be  equal.  If  the  resistances  be  not 
equal,  the  current  passing  along  each  branch  will  be  inversely 
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proportional  to  the  resistance,  for  the  difference  of  potential 
between  the  extremities  is  the  same  for  every  blanch,  and  in  each 
branch  the  product  of  the  intensity  into  the  resistance  is  equal  to 
the  difference  of  potential. 

The  double-  path  acta  like  a  single  conductor  whose  resistance  is  equal  to 
V "<  *  /r'  "*"  *  Ir"  }»  wncre  r  ttnt^  r"  are  ^e  resistances  of  the  two  branches.  Tin- 
conducting  power  of  the  double  path  (the  reciprocal  of  its  resistance)  is  the 
sum  of  the  conducting  powers  of  the  two  branches  ;  these  are  respectively 
1/r' and  1/r";  their  sum  is  j  1  //+  1  \r" },  and  the  resistance  of  the  doi. 
path  is  the  reciprocal  of  this  nun. 

Kirchhoff's  Laws. — I.  Where  a  steady  current  branches,  the 
quantity  of  electricity  arriving  by  the  single  wire  is  equal  to  the 
quantity  leaving  the  junction  by  the  branches.  The  algebraical 
sum  of  the  intensities  of  the  currents  passing  towards  (or  passing 
from)  the  junction  is  equal  to  zero ;  Si  =  0. 

II.  In  a  metallic  circuit  comprising  within  it  a  source  of  per- 
manent difference  of  potential  E,  the  products  of  the  intensity  of 
the  current  within  each  part  of  the  circuit  into  the  corresponding 
resistance  are,  if  the  elements  of  current  be  all  taken  in  cyclical 
order,  together  equal  to  E;  £  (Ir)  =  E.  In  a  metallic  circuit  in 
which  there  is  no  source  of  permanent  difference  of  potential, 
E  =  0,  and  2  (Ir)  =  0. 

This  law  applies  to  each  several  mesh  of  a  wire  network  as 
well  as  to  a  single  metallic  loop,  and  it  holds  good  even  when  an 
extraneous  current  is  passed  through  the  loop. 


Shunts. — If  between  A  and  B(Fig.  221)  a  Bingle  wire  run  whose  retut- 
ancc  is  r,  a  certain  current  I  will  pass  ;  if  a  lateral  path  or  Sh  uut  be  nu<i» 
available,  the  resistance  in  which  is  ^r,  the  current  in  the  shunt  is  I  and 
■  [  rent  in  the  original  wire  will  sink  to  I,,  1-1 00th  of  its  former  intensity. 
This  result  may  be  found  from  the  equations  I  =  I,  + 1^  and  I,r  -  (Iw  x  ^ r) «  0. 
If  the  original  wire  contain  a  galvanometer  which  would  suffer  risk  of  donugi 
if  the  whole  original  current  were  sent  through  it,  the  intensity  can  thus  ty 
It  of  shunts,  be  moderated  to  any  desired  degree. 

It  the  shunt  have  a  very  high  resistance  the  current  running  in  it  isyr» 
portionately  very  small,  and  the  distribution  of  potential  in  the  circuit, « 
well  as  the  intensity  of  the  current  in  the  original  path,  is  very  little  into- 
ft*  red  with  by  the  interpo.sil.inri  of  this  new  path.  It'  in  this  new  path  that 
be  arranged  a  galvanometer,  the  indication-  of  this  instrument  will  mown 
the  intensity  of  the  current,  and  therefore  the  difference  of  potential  betwtt 
A  mid  B.     This  is  realised  In  Sir  William  Thomson's  Voltmei 

The  resistance  of  two  conductors  may  be  compared,  by  meaua  of  a  Vok- 
meter,  by  observing  the  relative  differences  of  potentials  between  rain  4 
equidistant  points  in  the  two  conductors,  when  these  conductors  are  me» 
sively,  in  the  same  circuit,  traversed  by  one  and  the  same  current. 
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Wheatstone's  Bridge. — In  Fig.  222  there  is  represented  an  arrange- 
ment of  conductor*  known  by  this  name.      The  respective  resistances, 
sitics,  and  directionB  of  the  current  are  indicated  in  that  figure,     Kirchhoff* 
Laws    give    ub    the    relations  _.    ^ 

"between  these.     Low  I.  allows  a 

that  at  A,  I  (the  intensity  in 
the  wire  CuA)  «  I,  +  14"(1) ; 
that  at  B,  I,  -  ±  I6  +  10  (2) ; 
and  that  at  C,  L,  +  IS  =  I  (3). 
Law  II.  shows  that  within  t In- 
loop  CZnCuABC,  in  >. 
there  is  a  source  of  difference 
tontial  E,  the  E.M.  1  ).P...f 
the  battery,  E  =  I R  +  I  ^  +  !„r2 
(4) ;  while  within  the  loop  ABU 
there  is  no  galvanic  cell,  E  =  0 

1  .ri  ±  [Si,  ~  V*  =  °  (°) ; 
■ !  ly  within  the  loop 
BCD,  I2r2  -  Isr3  ±  I6r5  =  0  (6),     From  these  equations  the  value  of  Is  may 
be  shown  to  be  equal  to  zero,  when  rx :  r2  : :  r4  :  rv  or  as  regards  resistances, 
AB:BC::AI):DC. 

To  compare  the  resistances  of  two  conductors,  one  is  placed  between  A 
and  B,  the  other  between  B  and  C  ;  then  the  end  of  the  wire  BD  is  moved 
ikog  AC  until  the  galvanometer  O  gives  no  deflection.  At  that  momenr 
resistance  of  the  conductor  in  AB  is  to  the  resistance  of  the  conductor  in  BC 
as  the  length  of  AD  is  to  the  length  of  DC.  A  scale  under  the  wire  AC 
enables  this  last  ratio  to  be  read  off.  If  one  of  the  conductors  compared — 
say  that  in  AB — be  a  wire  of  known  resistance,  a  Standard  Resistance -Coil, 
the  resistance  of  the  other  may  be  absolutely  measured.  If  the  resistance  in 
AB  be  exchanged  for  a  tenfold  resistance,  the  value  of  the  resistance  in  BC 
will  seem  to  be  numerically  diminished  to  a  tenth,  and  thus  resistances  ten 
times  as  great  as  before  can  be  measured  by  being  placed  between  B  and  C. 
In  this  way  the  range  of  the  instrument  can  be  increased. 

When  the  above  ratio  obtains  between  the  several  resistances,  the  currents 
will  remain  unchanged  whether  BD  remain  open  or  closed,  or  be  closed 
intermittently  by  a  key. 

Sometimes  the  battery  is  not  kept  continuously  in  action,  and  a  key  is 
interposed  in  BD  :  the  resistances  are  adjusted  until  closing  both  the  battery- 
circuit  and  the  galvanometer-circuit  produces  no  <1>  fleetka  in  O  ;  but  to  avoid 
complications  due  to  Self-induction  (p.  639)  the  battery -circuit  must  bo 
closed  first  and  then  the  galvanometer-key  pressed  down.  One  key  is  so 
arranged  as  to  perform  these  operations  successively. 

Measurement  <if  the  E.M.D.P.  of  a  Galvanic  Cell  or  Battery  while  in 
action. — One  method  out  of  many  nmv  bfl  selected  as  an  ilhirt ration.  Take 
that  of  Wiedemann.     T  I  ,  the  one  a  standard  ;  connect  in 

series  :  the  juint  E.M.D.P.  is  E,  +  E^  ;  the  total  resistance  is  r/  +  *\"  +  I 
tlo-    intensity    of    the    current  produced     is    I  =  (E,  +  EJ /r/  +  r,"  -f  R,. 
Now  turn  one  of  the  batteries  round,  and  connect  so  that  the  two  now  oppose 
one  another  ;  the  joint  E.M.D.P.  is  E4  -  E^  :  the  total  resistance  is  as  before  : 
(E  -  E  K,.      Heme  E  :  Ij  '     :  (I  +  V). 

E(1  flu   KM  HI',  <>f  the  standard  cell,  is  known  ;  I  and  I',  the  intensities, 
can  be  observed  :  whence  E„  can  be  calculated. 


592 


ELECTRICITY  AND  MAGNETISM. 


[chap. 


The  Internal  Resistance  of  a  Battery  may  be  measured  (by  Mance's 
method)  by  making  it  one  of  the  four  resistances  within  a  Wlieatstone's 
bridge  (Fi£.  223) ;  one  other  uf  the  resistances,  say  AB,  being   rendered 

.iiljusrjU'U-  cither  by  making 
Figr.2*3.  AB  eougjgt  0f  standard   r>-- 

sistance-coils  or  by  the  use 
of  a  Rheostat  or  Rheo- 
chord,  by  which  variable 
quantities  of  wire  or  mer- 
cury, or  fluids  of  various 
kinds  equivalent  to  so  many 
Ohms  resistance,  may  be  in- 
troduced into  AB.  A  galva- 
nometer ia  placed  in  AGC  ; 
a  key  in  BD.  The  adjustable 
resistance  in  AB  is  varied  in 
amount  until  the  deflection  of  the  galvanometer  becomes  unaffected  by 
making  or  breaking  contact  in  BD.  The  relation  RAB  :  R^. : :  AD  :  DC  again 
holds  good. 

If  we  make  the  galvanometer  G  and  the  battery  between  B  and  C  ex- 
change places,  we  have  (Sir  Win.  Thomson)  a  very  easy  method  of  finding 
the  resistance  of  a  galvanometer  coil. 

The  Intensity  of  a  Current  is  easily  measured  in  Amperes  when  the 
number  of  OhniB  resistance  and  the  number  of  Volts  which  generate  it  are 
known.     It  may  also  be  inferred  from  some  of  the  effects  of  the  current. 

The  Energy  of  a  Current. — In  a  current  of  intensity  I,  a 
quantity,  I,  of  electricity  passes  during  each  second  from  a  place 
where  the  potential  is  Vt  to  a  place  where  it  ia  Vo ;  but  V  —  V., 
the  fall  in  its  potential,  is  E,  the  electromotive  difference  of  poten- 
tial within  the  circuit.  This  fall  is  constant,  for  the  electroxnot 
difference  of  potential  is  kept  up :  the  Knergy  of  the  current  per 
second  is  therefore  I  x  (V,  —  "V.)  =  IE ;  or,  in  the  course  of  that 
period  of  time  during  which  a  quantity  Q  passes,  the  Total  Energy 
is  equal  to  QE. 

Since  by  Ohm's  law  I  =  E/R,  we  find  that  the  Energy  per 
second.  IE  =  K-  B  ;  and  that  it  is  also  equal  to  I2R,  per  second. 

The  energy  of  a  current  of  one  Ampere-intensity  under  an 
electromotive  potential-difference  of  one  Volt  is  equal,  since  Knergr 
per  second  =  EI,  to  (^  x  3000,000000)  =  10,000000 
C.G.S.  unite  or  Ergs  per  second.  This  Rate  of  Transference  of 
Energy,  an  Activity  of  10  megergs  (one  Joule)  per  second,  is 
sometimes  called  an  Ampere- Volt  or  a  Watt;  and  it  is  equal  t<- 
1/746  Horse-power  nearly,  or  to  1/735*75  Cheval-vapeur. 

Static  Charge  of  a  Conductor. — If  an  insulated  galvanic 
cell  be  symmetrically  connected  with  two  long  wires,  also  insu- 
lated, the   two  wire*  become  charged  each  with  a  uniform  static 
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charge,  positive  or  negative,  as  the  case  may  be.     The  potential 
is  uniform  on  each  side  of  the  galvanic  cell. 

Two  condensers  may  be  charged  to  equal  and  opposite  potentials  by 
being  metallically  connected  with  the  opposite  poles  of  a  battery  of  which 
the  midpoint  is  connected  with  the  earth. 

If  the  copper  of  a  cell  be  abruptly  connected  with  the  earth, 
the  copper  becomes  reduced  to  zero  potential,  and  the  zinc  Bide 
of  the  cell,  together  with  any  wire  which  may  be  attached  to  it, 
has  its  negative  potential  doubled ;  if,  on  the  other  hand,  the  zinc 
be  suddenly  connected  with  the  earth,  the  positive  charge  borne  by 
the  copper,  and  by  any  wire  connected  with  it,  is  doubled.  In  the 
former  case  there  is  an  instantaneous  current  from  the  negative 
wire  through  the  cell  to  the  earth  :  in  the  latter  case  there  is  an  in- 
stantaneous current  from  the  earth  to  the  insulated  positive  wire. 

When  an  open  circuit  is  abruptly  closed  for  an  instant,  an 
instantaneous  current  is  produced  in  the  wire  ;  tins  current  is  not 


<•> 


felt  simultaneously  over  Fig .sm. 

the  whole  circuit  In 
the  case  (a)  of  Fig.  224 
the  galvanometers  B  and 
B'  twitch  first  when  the 
interrupted  circuit  is 
momentarily  completed ; 
in  case  (b)  of  that  figure,  under  similar  circumstances,  the  galvano- 
meters A  and  A'  twitch  first. 

When  a  current  is  actually  passing  along  a  conductor,  tin- 
conductor  bears  a  certain  Superficial  Charge,  varying  in  density 
from  point  to  point  of  its  surface :  if  such  a  conductor  be  sud- 
di-nly  isolated  by  both  ends  from  the  circuit,  it  retains  this  charge  ; 
and  not  until  a  wire  has  had  this  requisite  charge  imparted  to  it 
can  a  Steady  Current  flow  along  the  wire.  Between  the  instant 
at  which  the  cur-  Fi*.m 

rent  begins  to  flow  *    -  ^ 

and  that  at  whirl. 
it  becomes  steady, 
there  is  a  period 
of  adjustment,  the 
Variable  Period. 

When, as  in 

-,   a   battery   of 
which  one  pole  is  connected  to 

2  Q 


3 


has  its  other  pole  suddenly 
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brought  into  communication  with  a  long  wire  whose  other  extre- 
mity is  connected  with  the  earth,  the  time  which  elapses  before 
the  current  through  the  wire  becomes  steady  is  found  to  vary  as 
the  square  of  the  length  of  that  wire.  This  has  been  proved 
by  experiments  on  aerial  telegraphic  lines,  and  on  extremely  bad 
conductors,  such  as  cotton  threads,  whose  conductivity  is  due 
almost  entirely  to  the  slight  film  of  hygroscopic  moistUTe  which 
covers  their  surface. 

The  time  upent  in  acquiring  at  any  point  of  the  wire  a  certain  fixed  in- 
tensity of  current  depends  (1)  inversely  upon  the  effective  diH**rence  of 
potential  set  up  by  the  galvanic  cell  ;  (2)  directly  upon  the  specific  resist- 
ance of  the  conductor ;  (3)  inversely  upon  its  croas-section  ;  (4)  directly 
upon  the  square  of  its  length  ;  and  (5)  directly  upon  its  electrostatic 
capacity. 

Tin-  time  which  elapses  liefore  a  ratals  proportion  of  tin-  ultimate  in- 
tensity is  attained  varies  directly  as  the  specific  resistance  of  the  wire,  and 
very  roughly  as  the  square  of  the  distance  of  the  point  from  the  cell,  and 
also  direct]  v  n»  the  capacity  and  inversely  as  the  cross-section  :  it  is  also,  in 
practice,  not  independent  of  the  effective  difference  of  potential  set  up  by  the 
galvanic  cell  employed,  or  of  the  state  of  insulation  of  th<-  wire. 

A  lightning  discharge  through  a  lightning  Qonduotor  is  so  brief  that  the 
laws  of  steady  flow  do  not  hold  good  :  it  is  of  advantage,  in  older  to  diminish 
the  risk  of  lateral  divergence,  to  render  the  current  more  uniform,  or,  in 
other  vardSj  to  retard  it ;  for  this  purpose  the  capacity  of  the  conductor 
-liould  be  increased,  and  therefore  its  surface  ;  and  lightning  conductors 
should  be  broad  flat  plates  of  metal  rather  than  compact  rods.  The  effect  of 
self-induction  of  the  current  also  aids  in  bringing  about  this  result  ;  currents 
running  parallel  and  in  the  same  direction  retard  one  another. 

In    a    uniform   wire,    OL,    between    whose    extremities    a 
difference  of   potential   is  maintained  equal  to  01'  (Fig.    226), 

the  ultimate  Line  of 
Potentials  is  PL;  the 
same  line  indicates  the 
uniformly-varying  Den- 
sity of  the  Superficial 
Charge  from  point  to 
point;  and  when  such 
L  a  distribution  has  once 
been  produced  over  the  surface  of  the  conductor,  Ohm's  law  is 
obeyed ;  but  at  various  instants  during  the  preliminary  variable 
period,  the  distribution  of  potentials  over  the  wire  is  such  as  is 
indicated  by  the  curved  lines,  1,  2,  3,  etc.,  sketched  in  Fig.  226. 

The  momentary  and  local  intensity  is  always  the  momentary  and  loo! 
E/R,  but  during  the  variable  period  it  varies  from  point  to  point  and  from 
instant  to  instant 


Fig. 220. 
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When  the  extremity  of  a  long  wire  is  momentarily  charged 
by  contact  with  a  charged  conductor  at  with  one  pole  of  a  battery, 
its  home  end  suddenly  acquires  a  higfa  potential,  which  is  im- 
mediately thereupon  reduced  by  communication  of  the  charge 
acquired  by  the  ex-  p 
tremity  of  the  wire  to 
the  rest  of  the  wire.  In 
Fig.  227  the  end  0  of 
the  conductor  OL  is 
suddenly  raised  to  the 
potential  OP.  A  point 
such  as  A  is  found,  as 
it  were,  to  leap  up  to  a 

high  potential  and  then  to  descend.     A  wave  of  sudden  in 
of  potential  thus  travels  along  the  conductor,  but  falls  off  progres- 
sively, bofifa  in  abruptness  and  in  height,  the  father  it  travels. 

At  the  distant  end,  for  a  short  interval  after  the  circuit  has 
been  actually  completed,  no  effect  is  perceived ;  the  current  then 
begins  to  become  sensible :  and  it  then,  if  the  contact  be  kept  up 
at  the  home  end,  appears  to  increase  in  intensity  after  the  man- 
ner i  by  the  Arrival-Curve  represented  in  Fig.  228. 
A  current,  even  though 
it  be  constantly  niain- 
cd  at  the  home  end, 
would  take  an  Infinite 
time  to  acquire  its  maxi- 
mum value  at  the  distant 
end  of  such  a  conductor 
as  an  Atlantic  cable,  if 
that  conductor  had,  when 

the   current    commenced  Tlme 

to  traverse  it,  been  uncharged ;  it  would,  however,  require  only 
about  108  seconds  to  attain  *fo  of  its  maximum  value,  and  about 
tli  part  of  a  second  to  attain  -j-^j  of  its  maximum  value. 
The  apparent  velocity  of  transmission  of  signals  in  a  given  con- 
ductor is  thus  seen  to  be  entirely  an  affair  of  the  delicacy  of  the 
instruments  which  detect  the  current  on  arrival  at  the  distant 
end,  and  is  perfectly  distinct  from  the  velocity  of  propagation  of 
an  electromagnetic  disturbance ;  and  it  depends  on  the  capacity 
of  the  conductor,  the  transmission  being  greatly  delayed  in  con- 
ductors whose  capacity  is  great,  such  as  submarine  cables,  appre- 
ciably so  in  long  air-lines,  inappreciably  so  in  short  air-lines. 


Flff.22*. 
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When  the  current  suddenly  stops  after  having  acquired  a 
steady  flow,  its  cessation  at  the  distant  end  presents  a  similar 
deliberation. 

When  a  wire  is  momentarily  connected  with  a  charged  body  and  then 
connected  with  the  earth,  or  "  put  to  earth,"  the  arrival -curve  at  its  distant 
end  is  a  curve  due  to  the  superposition  of  two  arrival-curves ;  the  first  of 
these  is  the  arrival-curve,  resembling  that  of  Fig.  228,  due  to  the  contact 
with  the  charged  body ;  the  second  is  curved  in  the  opposite  sense,  and  is 
due  to  the  sudden  discharge  of  the  conductor.  The  dotted  curve  of  Fig. 
228  is  the  result  of  the  superposition  of  two  such  opposed  arrival-curves. 
This  curve  indicates  that  there  is  an  abrupt  and  brief  variation  of  potential 
at  the  end  of  the  wire  distant  from  the  galvanic  cell. 

M.  :till  than  this  in  producing  an  abx-upt  and  brief  current  i- 

the  process  of  following  up  each  positive  QDAtgB  immediately  after  putting  to 
earth,  with  a  negative  one,  after  which  the  wire  is  again  put  to  earth.  'II:- 
disadvantage  of  this  is  that  the  potential,  while  it  abruptly  ceases  to  be 

positive,  sinks   at   once    to   a 
negative  condition,  as  in   Fig. 
Fiir.3».  229  ;    for  which   reason   it  i* 

customary  so  to  arrange  the 
mechanism  at  the  signalling 
>n  that  each  apparently 
simple  making  of  contact  is  in 
reality  a  complex  operation,  in 
,'*'  which  an  odd  number  of  cur- 

rents of  opposite  kinds  arc  sent 
in  rapid  succession  into  the 
wire,  the  wire  being,  after  each,  put  to  earth ;  each  of  these  currenta  being 
briefer  than  its  predecessor,  and  correcting  it  The  arrival-curve  for  such 
a  combination  indicates  an  abrupt  rise  of  potential,  an  abrupt  fall,  and  then 
a  slightly- wavy  line,  which  at  no  point  diverges  to  any  material  extent  from 
the  base-line. 

Even  these  methods  are  increased  in  effect,  the  arrival-curve  being  ren- 
dered still  more  abrupt,  by  the  use  of  Accumulators  or  Condensers,  as  they 
arc  usually  called.  Each  condenser  is  composed  of  a  large  number  of 
of  tinfoil  separated  by  waxed  paper  and  paraffin:  the  alternate  plates  are  in 
metallic  communication  with  one  another.  One  series  of  alternate  plates  in 
each  condenser  is  in  communication  with  the  cable;  the  other  set  in  in  com- 
munication with  the  galvanic  battery  or  with  the  galvanumeter  O  (Fig.  230,1. 

Flff.230. 


Any  D  the  potential  of  the  landward  plates  of  the  home 

EUBC  is  immediately  followed  by  an  equally-sudden  flow  ot 
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into  or  from  the  cableward  plates  of  that  condenser :  this  flow  takes  place 
I'itluT  from  or  into  the  cable  itself  ;  this  disturbance  is  propagated  along  the 
cable  ;  the  potential  of  the  cableward  phftM  ,,t  tl,  DCmdensar  at  the  receiving 
Rtation  is  affected  ;  by  induction  the  distribution  of  electricity  in  to- 
ward plates  of  that  condenser  is  affected,  and  a  current  passes  ftfoogih  the 
galvanometer  either  from  the  condenser  to  the  earth  or  in  the  reverse  direc- 
tion. On  connection  of  the  home  condenser  with  the  positive  pole  of  the 
employed,  a  positive  current  runs  through  the  distant  galvanometer 
G  to  the  earth  ;  ami  on  putting  the  home  condenser  to  earth  a  reverse  cur- 
rent passes  through  G,  which  may  be  corrected  as  before. 

Thin  cannot  be  done  on  land  lines  on  account  of  defective  insulatin. 

Even  if  the  key  be  kept  permanently  pressed  down  at  the  transmitting 
station  the  current  passing  through  G  is  I  ntary,  for  both  condensers 

quickly  assume  a  condition  of  electrostatic  equilibrium. 


Effects  of  a  Current. 

Production  of  Heat. — If  a  circuit  be  completed  and  allowed, 
as  it  were,  to  run  to  waste,  no  external  work  being  done  by  it, 
heat  is  developed  within  the  cell  and  in  the  conducting  wire. 
The  Heat  produced  represents  the  total  Energy  of  the  current,  and 
is  equal,  like  that  energy,  to  I2R  units  of  energy  per  second 
(Joule's  Law),  or  to  E2/R  per  second,  where  R  is  the  total  i 
ance  of  the  circuit,  and  I  the  intensity  of  the  current  actually 
passing. 

Problem. 

A  uniform  copper-wire  whose  cross-section  is  4  sq.  mm,  and  whose  length 
is  106  metres,  connects  the  poles  of  a  cell  whose  effective  difference  of  poten- 
tial is  one  Volt,  and  whose  Interna]  resistance  is  4  Ohms.  How  much  heat 
will  be  developed  during  one  minute  ? 

E  is  one  Volt  =  ^0  C.G.S.  electrostatic  units  of  E.M.D.P.     The  total 

resistance,   R,  is   4    Ohms   internal 

'     n  \l-06        *         6 

ternal  =  4*405  Ohms 


(  >lll:l 


ex- 


Heat 

ergs  per  second 


900000,000000 

E2  I 

Euergy  =  —  per  second  -  _    H 


x    \    x 

electrostatic  unit*.     The 


4-405 


=  2,270,143 


900000,000000 
136,208,880 ergs  per  minute  —  about  33  «•*  per  minute. 


When  a  current  is  made  to  pass  through  a  heterogeneous 
conductor  composed  of  different  metals,  between  which  there-  is 
developed  a  constant  difference  of  potential,  that  energy  which  is 
wholly  OOOTOtted  into  heat  when  no  work  is  done  by  the  current 
is  divided  into  two  parts.  Of  these  one  part  obeys  Joule's  Law, 
and  is  equal,  per  second,  to  PI',  tin-  product  of  the  total  resist- 
ance into  the  square  of  the  actual  intensity  \  the  other,  which 
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be  positive  or  negative,  goes  to  produce  Peltier's  effect, 
b  is  the  following: — Consider  a  junction  of  metals,  A  ami 
B,  such  that  when  this  junction  is  made  the  hot  junction  of  a 
thermo-electric  circuit  a  current  passes  through  it  from  A  to  B: 
let  a  current  be  made  to  run  ab  externo  through  that  junction  in 
the  same  direction,  A  to  B;  that  junction  will  under  such  cir- 
cumstances be  cooled,  while  if,  on  the  other  hand,  the  current  be 
made  to  flow  from  B  to  A,  the  junotkai  will  be  heated 

In  Fig.  231  OL  is  a  conductor  composed  partly  of  iron,  portly  of  COg) 
a  current  ia  made  to  flow  through  the  conductor  from  Oto  L,  between  the 

TlgJUL 


potentials  V,  and  Vir,      At  the  junction  J   there  is  a  sudden  fall  of  poten- 
tid  (V    -  V  „).     hx  OJ  the  nteritv  =  f"U0fP0tCntiftl  .  V 
V.  -V,v 


the  intensity  is- 


R. 


Resistance  of  OJ 
In  both  it  is  equal :  hence 


—  ;  in  JL 


V.»-^     (V,-V.v)-(V„-VJ    EO.-E, 


R, 


R.  +  R. 


R 


where  Eot  is  the  total  fall  of  potential,  Ej  the  fall  at  J,  and  R  the  total 
resistance.  Hence  Eol  =  RI  +  E,.  The  Energy  of  the  current  is  EoU  xU 
RI*  +  E,I.  The  first  part  of  this  expression,  RIa,  represents  heat  distril 
over  the  whole  conductor ;  the  second  part,  Ejl,  represents  heat  locally 
developed  at  J,  and  proportional  to  the  fall  of  potential  there.  If  the 
current  bfl  made  to  pass  BOD)  OOpper  to  iron  there  will  be  a  rise,  a  negative 
fall  :  the  heat  developed  at  the  junction  will  be  a  negative  quantity,  and  the 
junction  will  be  cooled.* 

In  a  thermo-electric  circuit  of  copper  and  iron,  the  current  flows  from  the 
copper  to  the  iron  across  the  hot  junction.  At  the  hot  junction  the  current 
passes  through  a  rise  of  potential  ;  the  current  therefore  tends  to  cool  the 
hot  junction.  At  the  cold  junction  the  current  passes  through  a  fall  of 
potential  ;  it  therefore  tends  to  heat  the  cool  and  to  cool  the  hot  j  unction. 
ThiB  is  Peltier's  Effect 

When  a  current  is  passed  ab  externo  through  iron,  copper,  n 
sively,  it  again  heats  the  iron-copper  and  cools  the  copper-iron  junction. 


•  Prof.  0.  L.  Lodge  points  oat  that  there  is  no  such  phenomenon  at  t  jimrtfaa 
of  copper  and  zinc  :  whence  he  concludes  that  there  is  at  such  a  junction  no 
of  potential,  and  that  the  apparent  D.P.  of  copper-zinc  is  really  the  snm  of  a 
air  and  a  zinc-air  contact-difference. 
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The  main  current  is  weakened  by  the  reverse  thermo-electric  current  second- 
arily produced. 

Thomson's  Effect — The  same  thing  may  occur  even  within  a  single 
metal.     Bot  iron  is  negative  (or  therrao-electrically  positive)  to  colder  iron  ; 
n  current  made  to  pass  within  a  mass  of  iron  from  a  hotter  region  to  o 
travels  against  progressively  rising  potentials  and  cools  the  ir  cooler 

region;  made  to  pass  from  cold  to  hot  iron,  it  heats  the  iron  in  the  hotter 
region.  It  thus  tends  to  exaggerate  the  existing  differences  of  teiiqierature. 
These  effects  ore  reversed  in  toppBL 

The  convection  of  heat  by  a  current  of  electricity  in  unequally  heated 
iron  in  negative,  for  it  is  opposed  to  that  convection  of  heat  which  would  be 
lit  about  by  the  How  of  water  through  an  unequally  heated  tube.     In 
i:o}.j*r,  on  the  other  hand,  the  electric  convection  of  heat  is  posh 

In  a  thermo-electric  circuit,  therefore,  the  current,  as  it  travels  in  the 
iron  from  hot  to  cold,  absorbs  heat ;  in  the  copper,  travelling  from  cold  to 
hot  it  again  absorbs  heat. 

Thermo-electric  Diagram  may  be  made  to  represent  the  Thomson 
and  Peltier  effects.     Let  Fig.  232a  be  a  diagram  for  iron  and  copper  between 

Tig.  232  a. 


T 


the  temperatures  tt  and  tm.  The  area  marked  "  Peltier-hot  junction"  repre- 
sents the  amount  of  energy  absorbed  .it  the  hot  junction  when  a  unit- 
current  passes;  the  area  marked  u Thomson -Fe"  represents  the  energy 
absorbed  from  the  iron  when  a  unit-current  passes  in  it  from  hot  to  cold  ; 
•a  marked  "  Thomson-Cu  "  in  the  same  way  represents  the  Thomson 
effect  in  the  copper,  the  amount  of  energy  absorbed  from  the  copper  when 
a  unit-current  passes  in  it  from  cold  to  hot  The  whole  "haded  area  tint* 
represents  the  energy  absorbed  by  the  cooling  of  the  hot  junction  and  of  the 
unequally  heated  iron  and  copper  whin  the  current  runs  in  the  direction 
indicated  by  the  arrows.  Plainly,  if  the  hotter  junction  be  heated  to  T,  the 
neutral  point,  we  shall  haire  two  Thomson  effects,  and,  at  the  hot  jin 
no  Peltier  effect 

Now  turn  to  the  energy  evolved.  This  takes  two  forms :  (1)  Heat 
liberated  at  the  colder  junction  (Peltier  effect) ;  and  (2)  the  Energy  of  Electric 
Current.  The  latter,  when  the  current-intensity  is  unity,  is  equal  to  the 
E.M.D.P. ;  and  we  have  already  seen  that  this  E  M.D.P.  is  represented  lv  tin- 
area  between  two  metal-lines  and  the  ordinate*  corresponding  to  the  two 
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temperatures.      Hence  the  accompanying  diagram  (Fig.   2326)  needs  little 
explanation.     If  the  colder  junction  be  at  a  temperature  of  T,  there  will 

Rfrfltt 


CfAbs. 


at  that  junction  he  no  Peltier  effect,  no  absorption  of  energy  by  the  colder 
junction. 

The  student  may  now  exercise  himself  in  showing  that  when  the  colder 
junction  is  at  temperature  T  the  effect  is  the  reverse  of  that  obtained  wln-n 
thf  hotter  junction  ia  at  T;  that  when  one  junction  is  as  far  below  T  as  the 
oilier  i«  above  T,  the  area  representing  the  Current-Energy  vanishes  ;  and 
that  when  the  hotter  junction  is  at  a  temperature  farther  above  T  than  that 
of  the  colder  is  below  it,  the  current  is  reversed. 

In  these  figures  the  energy  supplied  is  equal  to  the  energy  accounted  for. 
The  whole  arrangement  is  a  kind  i>f  thermic  engine,  in  which  Heat  is  absorbed 

1 1  a  Source,  partly  restored  to  a  Condenser,  and  partly  converted  into  the 
Energy  of  an  Electric  Current. 

The  Thomson  effects  are  themselves  reversed  in  iron  at  a  low  red  heat, 
and  probably  again  at  a  higher  temperature,  so  as  to  make  one  if  not  two 
new  neutral  points.  The  same  phenomena  occur  in  nickel  at  low  tern- 
Itcratures. 

When  a  circuit  is  composed  of  various  conductors  which  suc- 
cessively offer  different  resistances  to  the  current,  the  heat  produ 
is  distributed  among  them,  to  each  according  to  its  resistance. 

Numerical  Example: — A  circuit  consisting  of  one  cell  whose  E.M.T).  P.  U 
18  Volts,  and  whose  internal  resistance  is  073 13  Ohm,  and  of  an  external 
conductor  composed  of  6'170  metres  of  soft  copper- wire  4  sq.  mm.  in  crews- 
section,  in  which  is  interpolated  a  piece  of  platinum  wire  y^  mm.  in  diar. 
jin<l  4  cm.  in  length,  will  have  a  total  resistance  amounting  to — Battery 
0*7318  Ohm,  copper  wire  ^  Ohm,  and  platinum  wire  (equivalent  to  a  mercury 

column  f  iqTT*  gTTo)  metres  long  and  -007864  sq.  mm.  in  section)  '7437 

1  '5 
Ohm  ;  or  on  the  whole  1500  Ohms,  or  §000^)000000  C,G'S  '  'U "' tPortatk 
units.     We  assume  that  a  steady  current  can  be  set  up  and  maintain e 
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5!=  J  f  !'8V-s- 

R  =    (  \300/     '  J 


second  within  such  a  circuit,  and  further,  that  radiation  and  conduction  of 
heat  may  be  set  aside.     01  the  total  heat  produced  -  is  developed  in 

the  battery,  ttk*  "*  the  copper  wire,  and  rr^  m  the  small  piece  of 
platinum  wire.     Thi  total  heat  produced  in  a  second  la 

*3 I 

900000,000000  j 
C.O.S.  unit*  or  ergs ;  this  is  21,600000  ergs  or  (2 1 ,600000  +■  4 1 ,593,010)  c«. 
The  heat  evolved  in  the  battery — '4875  of  the  whole — would  be,  if  we  sup- 
]K»se  the  battery  to  contain  1  kilogramme  of  material  of  a  mean  specific  heat 
of  0*8,  sufficient  to  raise  its  temperature  by  about  "0003 13"  C.  in  a  second  : 
that  evolved  in  the  copper  wire  (whose  weight  is  about  217  grammes  and  sp. 
heat  =  0095)  by 'about  -0004"  C;  while  that  liberated  in  the  platinum 
wire  (whose  weight  is  about  0*0276  grms.,  and  whose  np.  heat  =  0<>325j 
would  l>e  competent  to  raise  it  in  a  second  to  the  temperature  of  290°  C. 

Production  of  Light. — When  one  part  of  a  circuit  presents  a 
relatively -great  resistance,  the  greater  part  of  the  heat  developed 
within  the  circuit  is  concentrated  within  that  part.  When  the 
local  resistance  is  due  to  a  thin  platinum  wire  or  a  thin  filament 
of  carbon  or  of  carbonised  paper  or  vegetable  fibre,  that  bad 
conductor  is  so  far  heated  as  to  emit  a  considerable  amount  of 
light.  This  is  illustrated  by  the  various  forms  of  incandescent 
lamps  or  electric  "  glow-lamps.** 

Those  in  which  the  carbon  fdaim-nt  is  arranged  within  a  vacuum  give 
out,  according  to  the  type  <»f  lump,  the  nnnbtt  fan  circuit,  und  the  intensity 
Of  the  current  employed,  a  li^ht  equal  to  that  of  from  8  to  32  candles  each ; 
the  fall  of  potential  in  each  lamp,  when  not  overdriven,  is  from  36  to  100 
Volts,  the  resistance  is  from  42w  to  167co  {i.e.  Ohms)  each,  and  the  inteii.-ity 
of  the  current  necessary  to  keep  up  the  li^-ht  U  from  0*60  Amp.  t<»  1*37 
Amp.;  a  light  equal  to  that  of  from  90  to  250  candles  bein^'  produced  for 
each  horse-power  spent  on  the  dynamo-electric  machines  which  generate  the 
electric  current. 

If  the  carbon  fdament  be  so  constructed  as  to  pstMBt  the  form  of  a 
hollow  tube,  of  relatively-great  aurface  and  small  actual  cross-section,  the 
luminous  efficiency  of  the  lamp  is  greatly  increased  (Bernstein,  Cruto). 

When  too  strong  a  current  is  driven  through  such  a  lamp,  the 
superficial  particles  of  the  heated  carbon  are  scattered  throughout 
the  vacuum;  the  carbon  is  volatilised  and  condensed  on  the  wall 
oj  the  lamp;  so  with  platinum  and  iridium  heated  above  1700c  C. 

When  a  strong  I  niTcnt  is  driven  through  a  carbon  rod 

to  a  thicker  piece  of  carbon,  the  thiu  rod  becomes  heated ;  when 
this  takes  place  in  air  the  carbon  burns  away  rapidly ;  but  if  the 
rod  rest  loosely  by  one  cud  upon  the  thicker  mass,  the  contact  Is 
always  maintained,  and  the  light  is  fairly  steady  so  long  as  any 
carbon  remains. 
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When  the  interposed  resistance  is  that  of  a  certain  thickness 
of  air,  the  current  will  not  pass  unless  the  interval  be  so  small  or 
the  difference  of  potential  on  its  two  sides  be  so  ^reat  that  a  spark 
can  tly  across  it.  When  tliis  is  the  case  the  current  is  established 
across  the  interval.  If  the  poles  be  of  carbon,  their  extremities 
become  intensely  hot  and  wear  away  by  oxidation  in  the  air. 
The  intervening  air  is  so  good  a  conductor  when  intensely  heated 
that,  when  the  are  has  once  been  established,  the  poles  may  be 
separated  to  a  distance  greater  than  the  striking  distance  in  cold 
air ;  still  the  resistance  of  the  hot  air  will  not  alone  explain  the 
resistance  offered  by  the  voltaic  arc  to  the  transmission  of  | 
current.  This  is  due  to  a  kind  of  thermo-electric  effect.  The 
positive  pole  is  hotter  (4000°  C.)  than  the  negative  (3000°  — 
3500°  C.) ;  it  becomes  thermo -electrically  negative ;  this  tends 
to  produce  a  reverse  current.  A  phenomenon  similar  to  this 
is  observed  between  the  various  parts  of  a  flame. 

The  positive  pole,  being  the  hotter,  wears  away  about  twice 
as  fast  as  the  negative,  and  becomes  hollowed.  The  problem  of 
electric  lighting  is  to  keep  the  arc  in  the  same  place,  the  carbons 
being  allowed  to  approach  one  another  as  far  as,  and  only  as  far 
a*,  is  necessary  in  order  to  make  up  for  their  wear. 

In  Jablochkoif  s  and  Jainia's  candles  the  two  carbons  are  rode,  parallel  to 
one  another  and  of  equal  length  ;  the  arc  passes  between  their  apices.  If  the 
current  passed  in  one  direction  only,  one  carbon  would  wear  away  faster  than 
the  other  ;  the  carbons  would  thus  cease  to  be  of  the  same  length.  The 
currents  used  must  rapidly  alternate  in  their  direction  ;  both  carbons  are 
thus  equally  worn  away  and  the  length  of  the  arc  is  constant ;  but  all  ■ 
alternating  currents  make  much  noise  in  the  lamp. 

The  usual  fall  of  potential  in  Jablochkoff'B  lamps  la  from  42  to  43  V 
the  intensity  of  the  current  producing  the  light  from  8  to  9  Amperes,  and 
the  candles  per  horse-power  300  to  360. 

In  arc-lamj.s  two  carbon  points  are  placed  opposite  to  one 
another,  and  it  is  the  part  of  a  special  regulatory  mechanism  to 
beep  the  carbons  at  a  constant  distance  apart.  Such  regulating 
mechanisms  depend  for  their  action  (1)  upon  variations  of  inten- 
sity of  the  current  traversing  the  lamp,  or  (2)  upon  variations  in 
the  differences  of  potential  between  the  two  ends  of  the  arc,  or 
(3)  upon  departures  from  a  predetermined  relation  between  this 
difference  of  potential  and  the  intensity  of  the  current,  or  (4)  upon 
variations  in  the  amount  of  heat  developed  in  the  arc. 

The  resistance  of  the  voltaic  arc  is  1  Aw  to  6u> ;  the  fall  of  potent 
from  32  to  58  Volts  ;  a  1 2 ,000 -candle  lamp  consumes  about  7  horae-t 
a  500-candlc  lamp  from  1  to  1  k- 
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The  heat  developed  in  the  arc  has  Wen  utilised  hy  Messrs.  Siemens  ind 
Huntington,  who  produced  the  electric  arc  within  the  interior  of  a  en 
and  by  its  means  fused  very  refractory  metals  with  considcral  Ac  expedition. 

Whan  the  electric  arc  is  produced  between  carbons  Ml  vacuo 
a  beautiful  glow  is  obtained,  the  negative  pole  being  surrounded 
by  a  blue  aureole,  and  the  positive  by  a  stratified  pale-blue  light 
The  carbon  evaporates,  the  vessel  becomes  filled  with  a  blue 
vapour  which  darkens  to  indigo,  ami  this  condenses  ami  renders 
the  whole  opaque. 

If  a  very  little  vapour  of  bisulphide  of  carbon  he  introduced  into  the 
vacuum,  tin*  light  becomes  unMtppurtahly  bright)  and  of  an  t-xtrenn-ly  hrilliant 
green.  Its  Kjiectrnm  presents  GhamuQftd  Efgtau  in  Ski  Bid,  yellow,  green, 
and  violet,  which  look  like  duplicates  of  one  another,  reproduced  JB  iifinst 
clours  (Jamin. 

Geissler's  Vacuum  Tubes. — When  a  discharge  of  high  E.D.P., 
as  from  an  electric  frictional-nmuhine,  or  an  "  induction  coil,"  or  a 
battery  of  400  Groves,  is  sent  tlirough  a  mass  of  rarefied  gas  con- 
tained within  a  so-called  vacuum  tube,  that  gas  glows  with  a 
bright  light,  characteristic,  as  regards  its  spectrum,  of  the  gas 
exposed  to  this  operation.  The  positive  pole  Is  lurrouilded  by  a 
bright  glow,  the  negative  by  a  set  of  stria?,  and  in  this  case  the 
negative  pole  is  the  hotter. 

If  the  vacuum  be  very  good  and  the  tube  containing  the 
rarefied  gas  be  Bomewbat  narrow  at  its  middle,  the  glow  breaks 
up  into  atria*,  which  flow  and  flicker  if  the  current  which  produces 
them  be  in  the  slightest  degree  variable. 

The  discharge  through  a  vacuum  is  shown  to  be  disruptive 
\\\  the  fact  that  the  fall  of  potential  in  the  vacuum  tube  is  inde- 
pendent of  the  E.M.I >. P.  of  the  circuit;  ami  the  striae  seem  to 
indicate  that  it  is  pulsatile,  not  continuous. 

The  approach  of  external  conductors  repels  the  internal  glow  and  causes 
its  deflection  ;  and  the  glow  is  deflected  by  a  magnet  in  the  same  way  as  a 
wire  bearing  a  current. 

In  very  lii^li  vacua  th-  flildmgM  from  the  two  poles  of  a  vacuum  I 
appear  feo  bfl  hid  •   another:  each  pole  discharges  itself  without, 

as  it  were,  feeling  the  condition  "f  the  opposite  pole  of  the  tube.  Kv.-n 
where  both  are  positive  they  may  discharge  towards  one  another  into  the 
same  space. 

Electrification  of  Radiant  Matter. — When  the  rarefaction 
of  a  gas  is  extreme  (one-millionth)  its  matter  becomes  radiant. 
The  movement  of  its  mi  I  may   be  guided  and  rendered 

manifest    by    electrification.     In   a   Geissler's   tube,   the    I 
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tilling  wliick  ia  radiant,  the  molecules  which  come  in  contact 
with  the  negative  pole  are  at  once  repelled  from  it  in  lines  at 
right  angles  to  its  surface.  Energy  is  imparted  to  these  mole- 
cules by  the  electrified  negative-pole,  and  where  these  molecules 
strike  each  other  or  other  molecules  they  produce  an  internal 
glow ;  where  they  strike  glass  (or  diamond  or  ruby)  they  produce 
light  and  cause  phosphorescence;  they  also  produce  heat,  so  that 
when  they  are  directed  from  a  concave  negative-pole  upon  a  piece 
of  platinum,  the  energy  conveyed  by  them  brings  that  piece  of 
metal  to  its  melting  point;  and  when  they  strike  a  movable 
body  they  produce  obvious  mechanical  effect  (Crookes). 

Two  Rtreams  of  molecules  proceeding  from  a  forked  negative-pole  repel 
one  another  like  two  similarly -electrified  gold  leaves,  and  the  negatively- 
electrified  particles  which  constitute  such  a  stream  are  attracted  and  deflected 
from  their  course  by  a  magnet. 

Chemical  Effect  of  Electrification, — "When  two  metal  tubes, 
of  which  the  one  is  positively,  the  other  negatively  charged,  are 
arranged  so  as  to  form  a  double  tube  with  an  annular  channel, 
and  when  gases  are  passed  through  this  channel,  then  chemical 
effects  arc  sometimes  produced,  as  where  oxygen  subjected  to  t 
treatment  becomes  in  part  converted  into  ozone. 

Prof.  Schuster  has  shown  cause  for  believing  that  in  highly-attemi 
gases  there  if  around  the  negative  electrode  a  dissociation  of  molecules  into 
atoms.     In  mercury- vapour,  which  in  monatomic,  the  phenomena  of  glow  are 
the  same  round  both  terminals. 

Chemical  Effects  of  a  Current — Electrolysis. — In  most 
cases  if  a  liquid  permit  the  passage  of  a  current  through  it,  it  is 
decomposed  by  the  conductor  ;  in  other  words,  most  liquids  which 
possess  conductivity  are  electrolytes.  A  few  liquids,  such  as 
alcohol  and  ether,  though  not  absolutely  non-conductive,  are  not 
decomposed  by  the  passage  of  a  current.  As  a  rule,  substances 
whieh  conduct  when  melted,  but  insulate  when  solid  and  cold,  are 
electrolytes. 

Let  us  take  as  an  example  the  effect  of  a  current  upon  a 
solution  of  hydrochloric  acid  in  water.  In  such  a  solution  insert 
two  platinum  plates, — the  one,  the  positive-electrode,  connected 
by  wire  with  the  copper  plate  of  a  sufficient  battery ;  the  other, 
the  negative-electrode,  with  the  zinc  or  negative  plate.  Each 
molecule  of  hydrochloric  acid,  HC1,  consists  of  one  atom  of  hydro- 
geu,  H,  and  one  of  chlorine,  CI ;  the  former  is  electro p  the 

latter  negative.     A  molecule  of  HC1  (the  chemical  symbol  being 
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used  as  an  abbreviation  of  the  name)  near  the  negative-electrode 
is  torn  asunder ;  its  electropositive  hydrogen  is  attracted  by  the 
negative-electrode  aud  liberated  on  its  surface ;  the  electronega- 
tive chlorine,  by  one  means  or  another,  finds  its  way  to  the 
positive-electrode,  which  by  a  secondary  reaction  it  attacks  and 
dissolves  with  the  formation  of  PtCl .  It  is  possible  that  the  free 
chlorine-atom  may  travel  directly  to  the  positive -electrode,  for 
when  liberated  it  is  in  effect  a  charged  particle  within  a  field  of 
force ;  but  it  seems  more  probable  that  a  chlorine-atom  is  liberated 
at  the  surface  of  the  positive-electrode  at  the  same  time  as  a 
hydrogen-atom  is  liberated  on  the  surface  of  the  negative-electrode, 
and  that  the  remaining  atoms  and  the  intervening  molecules  re- 
adjust their  mutual  relations  according  to  a  method  the  mechanism 
of  which  is  in  all  probability  that  indicated  in  Fig.  238.  In  that 
figure  (a)  represents  a  line  of 
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molecules  arranged  end  to  end 
along  a  line  of  force ;  (b)  the  — 
effect  of  the  decomposition  of 
a  molecule  at  each  end  of  the  a) 
line;  (c)  the  mode  of  readjust-  ft; 
ment  by  what  may  be  called 
a  wholesale  exchange  of  part- 
ners on  the  part  of  all  tin- 
atoms  all  along  the  line,  and 
the  formation  of  a  new  set  of 
molecules  out  of  the  materials  of  the  old, — this  being  a  process 
which  there  is  chemical  evidence  for  believing  to  be  always  going 
OB  insularly,  hut  which  is  here  directed  by  the  condition  of 
the  field  of  force  between  the  electrodes;  and  (</)  the  reversal  of 
the  direction  of  all  the  molecules  thus  formed,  every  mol 
being  turned  round  in  the  field  of  force,  so  that  its  negative 
chlorine  comes  to  face  the  positive-electrode.  In  course  of  time 
all  the  chlorine  will  be  found  to  have  travelled  to  the  poaitive- 
electrode,  and  all  the  hydrogen  of  the  hydrochloric  acid  to  the 
negative-electrode. 

In  such  a  molecule  as  that  of  copper  sulphate,  CuSO  ,  the  copper 
plays  the  part  of  the  hydrogen  of  the  previous  example,  while  the 
part  of  the  atom  of  chlorine  is  taken  up  by  the  atom-group  or  salt- 
radicle  S04.  The  group  S04  could  nut  undertake  a  traj 
through  a  Said  ;  it  would  break  up  into  SO,  aud  0  :  whence  the 
necessity  for  the  apparently  complicate  I  nation  of  the  last 

paragraph  for  the  simpler  but  analogous  case  of  hydrochloric  acid. 
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The  copper  liberated  at  the  negative-electrode  forms  a  film  upon 
that  electrode ;  the  S04  liberated  at  the  positive-electrode  reacts 
secondarily  upon  the  water  present ;  B04  4-  H20  =  HgSO  +  O  ; 
the  positive  electrode  is  surrounded  by  sulphuric  acid,  and  oxygen 
is  liberated  on  its  surface. 

If  a  solution  of  sulphate  of  potash  he  decomposed,  the  molecule 
KaS04  is  divided  into  Kg  and  S04 ;  the  S04  causes  the  evolution 
of  oxygen  as  a  secondary  product  at  the  positive-electrode;  the 
potassium,  by  the  reaction  K2  4-  2HjO  =  H,  +  L'KHO,  causes  tin- 
evolution  of  hydrogen  at  the  negative-electrode.  Here  the  water 
seems  to  have  been  decomposed ;  the  apparent  decomposition  of 
water  is,  however,  a  secondary  result  of  the  decomposition  of  the 
K.nS04.  Pure  water  can  only  with  extreme  difficulty  be  dec 
poled ;  it  is  an  extremely  bad  conductor,  and  perhaps  if  perfectly 
pure  it  would,  like  alcohol,  not  be  found  to  be  an  electrolyte  at 
all,  and  possibly  not  even  a  conductor.  When  metallic  salts  are 
dissolved  in  it,  so  that  its  conductivity  is  improved,  it  becomes  an 
electrolyte — a  property  not  confined  to  water,  but  possessed  also 
by  such  substances  as  oil  and  bisulplude  of  carbon,  which  in  the 
pure  state  are  non-conductors. 

The  secondary  reactions  met  with  in  electrolysis  depend  upon 
the  time  which  is  allowed  for  them,  and  are  therefore  favoured  by 
currents  of  small  intensity. 

If  copper  chloride  be  electrolysed  between  copper  electrodes, 
the  one,  the  negative-electrode,  is  thickened  by  a  deposit  of  copper, 
while  the  other  is  worn  away,  being  attacked  by  the  chlorine  ;  and 
the  intervening  solution  of  copper  chloride  is,  if  the  decomposing 
current  be  feeble,  maintained  in  its  state  of  saturation ;  but  if  the 
decomposition  be  very  rapid  the  solution  of  the  copper  electrode 
does  not  keep  pace  with  the  .evolution  of  chlorine  upon  it,  and 
the  solution  becomes  weaker  in  copper  and  acid  in  its  reaction. 

The  secondary  reactions  observed  are  sometimes  very  peculiar.  When 
hydrochloric  acid  is  decomposed  the  chlorine  evolved  at  the  positive-clec 
attacks  the  water  present  and  liberates  oxygen,  which  in  its  turn  it 
some  of  the  hydrochloric  acid  formed  and  produces  chloric  and  perchl 
acids.  "When  NagOOj  hi  decomposed  Na  appears  at  the  negative  pole  (pro- 
ducing a  secondary  »vulutiun  of  hydrogen)  and  CNaOs  at  the  positive  pole  : 
this  last  group  reacts  upon  water  and  forms  oxygen  and  NaHCOs ; 
SCXaOjj  +  H20  =  O  +  2HNaCOs.  When  NaHCO,  is  decomposed  it  produces 
Na  and  CH08,  and  then  2CH03  -  2C02  +  H26  +  O.  When  formic  add 
(ILCOOH)  is  electrolysed  it  breaks  up  into  H  and  COOH  ;  then  2COOH  + 
HaO  =  2H.COOH  +  O,  or  formic  acid  and  oxygen ;  hut  the  oxygen  react*  u 
some  of  the  formic  acid  present,  and  then  H.COOH  +  O  -  H20  +  COy  When 
fused  caustic-potash  is  electrolysed,  K  appears  at  the  negative,  HO  at 
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jKwitive  ;  this  coalesces  into  H2Oj,  and  breaks  up  into  H.,0  and  O  ;  but  if  tin- 
D  bfl  bUw  the  K  acta  upon  some  of  the  water,  and  hydrogen  in  evolved. 
DMOmt  liy'lrcgeii   i-vokvd   at   the   ne-giitivr  poll  will   attack   ulilchydes, 

forming  alcohols,  and  thus  certain  ill -tasted  rough  alcohols  may  be  greatly 

improve  1. 

Faraday's  Laws  of  Electrolysis. — First  Law. — The  quantity 

of  an  electrolyte  decomposed  in  a  given  time  varies  directly  as 
the  inteusity  of  the  current 

A  current  whose  intensity  is  n  Amperes  will  decompose 
0*000,093571  grammes  of  water  per  second. 

A  Voltameter  is  an  instrument  in  which  a  current  is  made  to  pan 
through  acidulated  water  between  platinum  electrodes  ;  the  acidulated  water 
is  in  j»art  decomposed,  and  the  hydrogiui  and  oxygon  resulting  from  tin 
secondary  decomposition  are  collected  in  a  grnduat.  d  tatbfl  ;  tlw  BDDOCQkft  of  the 
mixed  gates  can  be  read  off,  and  th<  waigjhf  of  tli-  water  decomposed  readih 
ascertained  ;  a  simple  proportion  gifJM  the  intensity  of  tin:  current  actually 
passing  through  flu  V"li;iiii- -w.i.  Iiiwtoad  of  measuring  the  quantity  of  gas 
evolved,  WG  ninv  vrtigh  thy  -Minntity  of  silver  oVpositnl  from  ft  solution  of 
pure  sil\  ;  a  current  of  one  Ampere  b  k-p<»sits  0*001,118 

gramme  of  silver  per  second  (Baj  *  4*025  •.-<  «f  hour;  this 

corresponds  to  0*000,010,352  gramme  of  H  per  second.  Kohlranseh  finds 
0*001,1183  gramme  Ag  or  0000,010,355  gramme  H  per  second  ;  Mascart, 
0*001,124  gramme  Ag  or  0000,010,415  H  ;  Gray,  0*000,010,478  gramme. 
B  ;  the  mean  of  these  is  0-000,0104  gramme  H  or  -000,0936  gramme 
Hf  O  per  second. 

Instead  of  sending  tin.'  whole  current  through  the  voltameter,  we  muy 
I  known  fractional  part  of  it  by  arrangi  *»-r  in  a  shunt, 

Faraday's  Second  Law. — The  Law  of  Electrochemical  Equi- 
valence may  be  divided  into  the  following  propositions,  of  which 
the  fourth  may  be  regarded  a*  a  paraphrase  of  the  law  itself: — 

1.  The  gramme-equivalent  of  a  metal  i  that  quantity 
which  will  chemically  replace  one  gramme  of  hydrogen.  For 
example:  in  comparing  HC1  (H  =  1,  CI  =35*5)  with  AgCl 
<Al'=108,  Cl  =  3.vf>),  we  find  Ag  (  =  108)  to  be  equivalent  to 
H  (=1);  the  gramme-equivalent  of  silver  is  108  grammes.  In 
comparing  CuS04  with  HgS04  we  find  On  (  =  63*46)  equivalent 
to  H2  ( =  2) ;  the  gramme-equivalent  of  copper  is  31*73  grammes. 

2.  The  gramme-equivalent  of  a  salt-radicle  or  halogen  is  that 
quantity  which  will  comliine  with  one  gramme  of  hydrogen.  In 
HC1,  35*5  grammes  of  chlorine  unite  with  1  gramme  of  hydrogen ; 
the  gramme-equivalent  of  chlorine  is  35*5  grammes.  In  HNOa 
(H  =  l,  NOs=62),  62  grammes  of  NOs  unite  with  1  gramme 
of  H;  the  gramme-equivalent  of  N03  is  62.  In  H3S04  (H.=  L\ 
S04  =  96)  the  gramme-equivalent  of  S04  is  48  grammes.  In 
H,P04  (Hs  =  3,  PO<  =  95)  the  gramme-equivalent  of  P04  is  31  J. 


COS 


ELECTRICITY  AXD  MAGNETISM. 


[CHAP. 


8.  The  gramme-equivalent  of  a  salt  or  acid  is  that  quantity 
which  contains  1  gramme -equivalent  of  the  halogen  or  salt- 
radicle. 

4.  When  a  current  whose  intensity,  after  the  current  has 
become  steady,  is  equal  to  n  Amperes  passes  through  a  solution 
of  a  salt,  0000,010471  gramme-equivalents  of  the  salt  are  de- 
composed during  each  second ;  the  same  number  of  gramme- 
equivalents  of  the  salt-radicle  or  halogen  being  liberated  at  the 
positive  pole,  and  a  corresponding  quantity  of  the  metal  at  tin- 
negative. 

A  current  is  sent  simultaneously  through  a  solution  of  cupric  chloride 
and  a  solution  of  cuprous  chloride,  and  continues  to  jmub*  through  both  solu- 
tions for  live  minutes  ;  its  intensity  is  18  Amperes  •  compare  the  amounts  of 
copper  deposited  on  the  negative-electrodes  in  the  two  solutions.  In  each 
the  amount  of  the  halogen — the  chlorine — liherated  is  ("0000104  x  18  Amp. 
x  300  sec.)  gramme-equivalents,  or  (0000104  x  18  x  300  x  35*5)  grammes. 
In  CuClg  every  71  parte  of  chlorine  are  combined  with  63*46  of  copper; 
the  copper  deposited  from  the  CuCl2  is  therefore 


("0000104  x  18  x  300  x  35*5)  x 


d3-U' 
71 


>  gramme.*. 


In  CiigClg  every  71  parts  of  chlorine  are  combined  with  12692  of  copper  ; 
the  copper  deposited  from  the  Cii^Clg  solution  is  therefore 

{lOft'OO    1 
(0000104  x  18  x  300  x  35-5)  x    ~m        >  grammes,  double  the  quantity 

deposited  by  the  same  current  from  a  solution  of  cupric  chloride 

Each  Coulomb  will  thus  Liberate  0*000,0104  gramme-equivalenta  ;  each 
C.G.S.  electrostatic  unit  will  liberate  one  3000,000000th  part  of  tlii- 
quantity,  t.*.,  0-000000,000000,003466  gramme -equivalent.  This  last 
quantity  is  otherwise  known  as  the  electrostatic  Electrochemical  Equiva- 
lent of  the  salt-radicle  or  halogen  liberated  or  salt  decomposed. 

The  Energy  of  a  current  passing  a  quantity  Q  down  a  potential-fall  E  is 
equal  to  EQ  ;  when  Q=  1  this  energy  is,  numerically,  E  ergs  ;  but  it  is  also 
equal  to  the  work  done  by  the  unit  quantity  in  decomposing  one  electro- 
nical equivalent  of  a  salt.  Hence  tbt  chemical  energy  liberated  by  the 
production  of  one  electrochemical  equivalent  of  a  salt  may  be  measured  in 
terms  of  a  potential-fall  or  an  electromotive  difference  of  potential. 

Conversely,  the  E.M.D.  P.  in  a  galvanic  cell  may  be  measured  in  terms  of  the 
chemical  energy  aet  free  in  it.  Let  us  enquire  what  is  the  valne  of  the  E.MJXP. 
of  a  Darnell's  celL  Here  we  have  a  chemical  action  going  on  which  liberates 
energy  :  this  energy,  if  not  converted  into  the  energy  of  a  current  of  electri- 
city,  may  wholly  appear  as  beat  ;  this  heat  has  been  measured  in  various 
ways,  and  t'n<-  man  molt  of  several  observations  is  that  (between  extreme 
values  714  and  805}  the  amount  of  heat  liberated  when  one  gramme  of  zinc 
is  dissolved  amounts  to  760  ca  or  31,610,687,600  ergs.  The  gramme- 
equivalent  of  zinc  is  32 '645  grammes  (Marignac)  ;  the  electrostatic  electro- 
chemical equivalent  of  duo  is  (O'00O000,00OUO0,0O34G(>  x  32-645)  ■ 
0000000,000000,1132   grammes.      The   amount  of  em  loted   on 

the    solution    of    one    electrochemical    equivalent     oi     dm     is    therefuf* 
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(ommhmm)o,ooooOO,1132x  31,610,687,000)  ergs  M  0"003f)8  ergs.  This 
befog  equal  l"  the  amount  of  energy  liberate  I   during  the  solution  of  one 

trocheniicul  equivalent  of  zinc  in  a  Darnell's  cell  and  the  production 
•  urrent  of  one  electrostatic  unit-intensity  for  one  BOA  IMIIWBT1FJ'  equal 

to  the  energy  which  would  be  apent  by  a  current  of  the  same  intensity,  and 
I  ii'lii; ing  fin  the  same  time,  in  reversing  the  whole  chemical  process  and  in 
decomposing  tin-  on  dent  of  salt  produced.     This  we 

have  seen  to  be.  numerically  equ.il  to  E,  the  <l  ||]  under 

which  the  unit  current  passes.     The  E.M.D.P.  of  a  DbbIcH'i  "11  il  il 
IbN  E-«  0*00868  dectTOrtitfa  units  of  dlftmm  of  pi  This  i*  equal 

to  1-074  Volts  ;  a  theoretical  result  which  docs  not  depart  wi  tli. 

experimental  values,  which  ram  B    1    Volt  ami    11 24   Volt.     This 

mode  of  computation  i>  due  to  Sir  William  Thom.-on. 

In  deooi  an  electrolyte,  "Work  is  done  by  tlie  current ; 

its  Ku. ttgy  is  spent  in  producing  Chemical  Decomposition.  The 
•Miergy  absorbed  in  tin-  decomposition  of  say  9  grammes  of  water 
is  equal  to  the  heat  liberated  by  chemical  action  and  change  of 
physical  state  when  1  gramme  of  hydrogen  and  8  of  oxygen  are 
loded  together  and  condensed  into  water. 

Work  doi  i,  if  hUi-h  uni-k  bfl  ofchtr  than  chemical,  causes 

divergences  from  Faraday's  -  work  is  done  when  the  pro- 

ducts of  decomjKi-iUion  of  a  liquid  become  gaseous,  or  when  the  metal  of  an 
electrolyte  is  lifted  up  towards  the  negativ.    ,1,    ii  v.  Ii  I.    the  energy  of 

the  curtvnt  i>  when  these  ciniiin-tanc.  -  i*ed. 

The  relation  of  the  energy  liberated  by  tlie  chemical  action  of 
UN  buttery  to  tin;  beat  produced  in  the  battery  and  the  energy 
spent  in  doing  electrolytic  work  is  represented  by  the  equation — 

Battery-energy  =  Heat  ew-lved  in  battery  +  Electrolytic  work  done. 

The  hist  term  cannot  be  greater  than  the  first ;  if  it  were,  the 
In  at  developed  in  the  battery  would  be  a  negative  quantity,  ami 
the  battery  Would  go  on  indefinitely  cooling  itself  as  well  as  all 

Husmmding  objects — an  impossibility. 

In  a  Daniel]  "II  i  intnt  of  one  grm.-equivt.  of  copper  by  one 

grm.-1-qiuvt.  of  zinc  is  attended  with  the  evolution  of  24,200  ea  of  heat  ;  in 
a  Grove  I  U.  I  is  47,000  ca  for  every  grin.  I   Zn  dis- 

solve!. \\  I.-  n  1  Krai.  11  and  B  pm.  0  unite  to  form  one  grm.-cquirt.  of 
water,  34,462  ca  of  ln-at    tr.-  tvotved.     A  single  Orove  cell  can  therel 

,  .i  .vll  with  d-ditfiT»;ncc  iqual  to  £jj££-£  tiznes  that 

of  a  Uuii.l!  would  just  be  able  to  do  so;  a  tingle  Daniell  cannot,  Two 
imch  cells  are,  however,  able  to  el'  .-plied  fan 

two  cells  arranged  in  tension  is  donhl-  that  supplied  b]  I  though 

ili--   resistances  be  so  adj'ir-t-d   thm.   tl  produced   i.s   of  the  same 

i-ily  :   for  Energy  per  see.  .nd      F.I.  and  if  E  be  douhlt-d,  whih-  I  rein; 
the  nine,  the  eneiyy  il  don  Med. 

A  single  cell  will,  however,  decompose  water  if  tlu    positive-electrode  be 

a  b 
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of  a  substance  eucli  as  copper,  wliieh  will  combine  with  oxygen,  and  thereby 
liberate  energy  sufficient  to  make  up  the  deficiency  in  that  supplied  by  the 
cell. 

The  process  of  electrolysis  is  turned  to  practical  account  in   the  arts  of 
electroplating,  etc.;  the  article  to  be  covered  with  a  metallic  film  is  made 
the  negative-electrode  in  a  suitable  eolution  of  the  metal.     The  posit  i 
electrode  is  often  itself  made  of  the  metal  to  be  deposited  from  the  solution  ; 
as  the  metal  is  deposited  from  the  solution  upon  the  Lectrode,  the 

positive-electrode  is  attacked  and  its  substance  dissolved  in  the  solution,  which 
is  thus  kept  saturated  if  the  action  be  not  too  rapid. 

Wh.  i)   ■  mixed  solution  of  acetates  of  lead  and  copper  (Nobili),  or  a 
solution  of  litharge  in  caustic  potash  (Becquerel),  is  electrolysed  between  I 
electrodes,  of  which  the   negative  is  a  sharp-pointed  platinum  wire  or  steel 
needle,  while  the  positive  is  a  large  plate  of  silver,  gemian-silver,  silvered 

i  r  (spangle  metal),  or  even  thin  sheet-iron,  the  current  being  one  of 
relatively-great  E.D.P.  (15  to  20  very  small  Bunsen  cells  mounted  in  file), 
there  is  formed  on  the  positive-electrode  a  series  of  rings  concentric  with  the 
point  of  the  negative-electrode, — Nobili'a  rings,  produced  by  deposition  of 
PbOjj.  If  the  positive -electrode  be  complex  and  consist  of  two  or  more 
points,  or  if  currents  be  made  to  run  through  some  of  these  points  towards 
the  plate,  while  in  others  the  direction  is  reversed,  the  rings  are  modified 
into  representations,  in  iridescent  Inns,  of  compl*-  aa  of  •-•[iiijKitential 

surfaces  (Ciuebhard). 

Polarisation  of  Electrodes. — When  platinum  electrodes  have 
been  used  in  thu  decomposition  of  water,  the  negative  one  is  found 
to  contain  a  certain  quantity  of  hydrogen  not  only  adherent 
to  its  surface,  but  also  occluded  within  its  substance ;  while  the 
positive  one  carries  similarly  a  certain  quantity  of  oxygen.  These 
oxygen  and  hydrogen  films  tend  to  produce  a  reverse  current,  which 
weakens  the  main  current.  When  the  main  current  ceases  the 
reverse  current  continues  for  some  time  and  dies  away  gradually. 

The  occluded  hydrogen  is  very  gradually  reduced  by  the  oxygen  brought 
to  it  by  the  reverse  current,  and  a  corresponding  quautity  <>(  hydrogen  is 
liberated  on  the  positive  pole,  where  it  is  occluded  by  the  electrode  or 
dissolved  by  the  water.  Thus,  though  a  current  passes,  no  products  visibly 
appear. 

In  drove's  gas-battery  a  number  of  such  electrodes  are  arranged  so  ss  to 
give  a  current,  or — which  amounts  to  the  same  thing — a  circuit  is  arranged 
in  which  u  current  passes  through  :  (1)  water  ;  (2)  a  plate  of  platinum 
standing  partly  in  water,  partly  in  hydrogen  gas  ;  (3)  conducting  wire  ;  (4) 
a  plate  of  platinum  standing  partly  in  an  atmosphere  of  oxygen,  partly  in 
the  water. 

If  electrodes  of  palladium  be  used  in  the  decomposition  of  water,  the 
negative  one  absorbs  as  much  as  936  vols,  of  hydrogen,  with  which  it  form* 
an  alloy  greater  in  size  than  the  original  electrode. 

The  electrodes  in  such  a  case  are  said  to  be  polarised,  and 
their  polarisation  within  a  given  substance  is,  if  the  resistance  of 
that  substance  be  not  so  great  as  to  prevent  a  perceptible  current 
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from  passing,  the  best  test  as  to  whether  that  substance  is  really 
an  electrolyte.     Warm   glass  is  thus   found  to  be  actual] 
electrolyte. 

The  capacity  of  electrodes  so  polarised  is  very  great.     Two  square  inches 
•  if  platinum  alectiodfl  imui<  ned  in  dilute  sulphuric  acid  huve  (Vurlev; 
the  E.M.D.P.  ih  one-fiftk'th  tliat  of  a  Dan  it'll 's  cell,  a 

of  an  electrostat  BT  whose  plate*  have  an  area  of  80,0001)00  square 

inches  separated  by  £  inch  of  air  ;  i.e.,  a  capacity  of  175  mi.  .  while 

H  tin-  K.M.I  >.!'.  iwve:i-v-  the  ■  ;ii.;uitv  inOMMI  l3lO, 

Electrodes  of  amalgamated  zinc  arc  not  at  all  1   to 

transmit  a  curreut  through  a  perfectly  neutral  solution  of  ZuS04  (B* 

Secondary  Cells  and  Batteries. — When  acidulated  water  is 
elect unposcd    betwc  irodes  of   lead,  the    oegatiVQ   electrode 

remaboe  bright,  but  the  positive  becomes  covered  with  a  film  of 
PbOr  When  the  current  ceases,  if  the  positive  and  negative 
electrodes  be  connected  by  a  conducting  wire,  a  reverse  current — 
a  polarisation-current,  or  Secondary  Current — passes;  the 
film  of  PbOj  is  negative,  the  lead  posit  I 

'I "In-  terttM  aotfcm  iipiiear*  !<•  )»•  {'Cladstone  and  Tribe;  in  the  main  thf 
following  : — 


Pb  =  PbO  I  H20  I  H2S04  1  PUS04 


PbOs|H2SO,     II 

which  becomes 

PbS04  |  H..0  |  H,0  |  PbS04. 

Sulphate  of  lead  is  formed  on  both  plates,  while  Pb02  is  formed  on  the  posi- 
tiu'  plate  by  secondary  reactions. 

On  passing  in  a  charging  cunvnt,  the  reaction  i.«,  for  thin  layers, 
PbS04,  li20,  0  ,11,  S04Pb  =  Pb02,  S04H2;  U2S04,  Pb. 

An  arrangement  of  this  kind,  into  which  a  current  of  alo 
.  itv  on  be  passed  and  a  reverse  or  secondary  current  obtained 
will,  is  a  Secondary  Cell;  Bad  secondary  •  ■ells  may  be  grouped 
into  Secondary  Batteries.  Plante's  original  form  of  secondary  cell 
consisted  of  two  large  lead  electrodes,  separated  by  a  sheet  of  felt, 
rolled  up  into  a  spiral  and  immersed  in  10  /  dilute  sulphuric  acid. 
Fame  improved  this  by  covering  both  elci-trodi-s  with  a  layer  of 
red -lead  of  about  10  kilogs.  per  sq.  metre,  held  on  by  layers  of 
felt  and  parchment  between  the  opposed  plates.  When  a  curreut 
has  been  passed  into  a  so-called  Famv-accuunilator  lor  some  time, 
the  red-leatl  on  the  surface  of  th<-  negative  electrode  is  convert''! 
into  spongy  lead,  while  that  on  the  positive  electrode  is  oxidised 
to  PbOr    Thi«  improvement  greatly  eta  tie  tedious  pro- 

cess formerly  necessary  for  charging  Plante's  accumulators. 
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Iii  the  Faure-Sellon-Volokniar  accumulators  there  is  no  felt  ;  the  plates 
of  load  are  pierced  or  cast  with  hole*,  into  which  there  ii  uunpramA  a  quan- 
tity "',  of  reduced  lead,  or  of  a  salt  of  lead.  One  of  these,  weighing 
140  kgr.,  am  I  ConpOBSd  <>f  -13  plate.-*,  gSVB  i.Ho*pit«ilier)  a  iiirn-nt  of  120 
Amp.  for  6  hours*. 

The  efficiency  of  these  batteries  is  in  part  due  to  the  fact  that  their 
porous  metal  or  oxide  is  in  close  contact  with  the  lead  plate,  and  is,  on 
account  of  ita  porosity,  able  to  retain  large  quantities  of  the  oxygen  or 
hydrogen  which  is  evolved  when  an  external  current  is  passed  through  the 
accumulator. 

When  the  secondary  current  has  passed  for  some  time,  both 
films  become  mainly  OdSTWfeed  into  similar  compounds  of  ]ead, 
and  tin1  apparatus  is  ready  for  a  renewed  charge. 

When  a  secondary  battery  is  charged  by  two  or  three  G I 
cells  and  disconnected  from  them,  it  will  be  rapidly  discharged  if 
connection  be  established  between  its  poles  by  means  of  a  thick 
wire.      From  fifty  to  sixty  per  cent,  or,  in  the  in-.,  .>,  a  still 

greater  proportion  of  the  energy  actually  rank  in  it  can  be  rccovi 
in  the  form  of  the  energy  of  the  secondary  current.  When  tin* 
cells  of  a  secondary  battery,  charged  side  by  side,  are  disconnected 
from  the  source,  and  then  connected  in  series  and  discharged,  th«- 
electric  current  produced  tfl  one  of  "high  tension  "  or  great  fall  of 
potential.  The  K.D.P.  of  a  single  cell  is  about  2*25  Volts,  and 
hence  a  hundred  such  cells,  first  arranged  in  surface  and  charged 
by  prolonged  connection  with  a  few  cells,  can  be  made,  if  arranged 
in  scries,  to  pass  for  a  short  time  a  current  of  E.D.P.  =  225  V 
such  a  current  produces  a  high  temperature,  together  with  vibra- 
tion and  crumpling  of  the  conducting  wire.  The  internal  resist- 
ance of  these  cells  is  very  small,  being  only  O'OOti  Ohm  in  a 
single  cell  whose  surface  is  about  300  sq.  cm. 

A  eecoudary  cell  of  about  18  Iks.  weight,  the  plates  in  which  are 
about  2  8q.  feet  in  ;uv;i,  will,  irhen  charged  by  three  Leclanchee,  keep 
white  heat  during  5  to  10  minutes  a  platinum  wire  of  -fe  inch.  diar.  an 
inches  long.  A  pile  of  this  weight  kepi  constantly  connected  with  three  or 
four  Leelanchtj  elements  (which  require  little  attention  beyond  that  of  keeping 
them  moist,  i>  u  yitv  convenient  meant  »>f  heating  such  a  thing  as  &  gnlrao- 
cautery  wire,  which  must  be  raised  to  a  high  temperature  for  a  short  time. 

Electrical  Storage  of  Energy.— When  Energy  is  stored  up 
in  bent  steel  springs,  about  3924  megergs  per  kilogramme  can  fa 
stored  up — u\,  40  kilogrs.  can  be  lifted  through  1  metre  by 
elasticity  of  a  spring  weighing  one  kilogramme 

When  it  Ifl  stored  up  in  compressed  air,  1  kilogr.  of  air  com- 
pressed to  one-sixth  contains  2,250,000  megergs,  of  which  about 
450,000  can  be  recovered  in  the  form  of  work. 
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When  it  is  stored  in  secondary  batteries,  about  500,000 
inegergs  per  kilo,  of  secondary  battery  are  stored  up,  of  which 
from  250,000  to  330,000  may  be  recovered  if  the  batteries  be 

I  within  a  day  or  two  after  charging. 

great  fault  of  these  accumulators  in  their  present  form  is 
their  want  of  durability, 

Equalisation  of  a  Current. — A  current  passed  through  one 
plate  of  an  KlectrostAtic  Accumulator  will  be  apparently  absorbed 
when  the  current  is  increased,  and  will  he  given  out  BOJiablj 
when  the  current  falls  off;  such  an  accumulator  is  therefore  com- 
petent to  play  the  part  taken  by  a  flywheel  in  the  mechanical 
transmission  of  power. 

Similarly,  Secondary  Cells  may  be  made  to  serve  as  regulators 
of  a  current  if  they  be  fitted  up  in  the  course  of  the  conductor  in 
the  manner  indicate-]  in   Fig.  234.    The  direction  of  the  secondary 
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current  is  indicated  by  the  dotted  lines  and  arrows  connected  with 
the  secondary  cell;  it  opposes  the  main  current  in  CuDCZn,  but 
aids  it  in  DEC. 

THE     DYNAMICAL    I'KOrERTreS    OF    A    ClKUENT. 

The  phenomena  of  •  steady  electric-current  are  not  confined 
to  the  conducting  win-,  for  the  space  surrounding  the  wire  bear- 
ing  ft  current  is  found  to  be  in  a  peculiar  i  a — a  condition 

which  can  be  explained  as  due  to  displacement  of  the  ether  or 
other  dith'ctric  or  medium  filling  that  space,  and  one  whi«  h  it 
seems  impossible  physically  to  account  for  on  any  other  satis- 
faetory  basis. 

The  condition  of  the  space  immediately  surrounding  a  current 
may  be  explored  by  means  of  iron  filings.  If  a  OOndttCti&g  wire 
be  passed  vertically  through  a  hole  in  ft  piece  of  card  or  of  silver- 
paper  adjusted  to  a  horizontal  position,  and  if  iron  filing*  be  then 
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sprinkled  upon  the  card,  and  if  the  card  be  gently  tapped  down- 
wards so  that  the  filings  may  leap  into  positions  spontaneously 
,i  .pini'l  by  1 1  j  •  ■  1 1 : ,  tin  v  v.  ill  be  Bound  to  conge  fcfawnaelvei  hi  cob*- 
centric  circles  round  the  current,  while  each  filing  becomes,  for 
the  time  being,  a  little  magnet 

The  space  round  the  current  is  therefore  an  Electromagnetic 
Field  of  Force,  permeated  by  concentric  circular  Lines  of  Force 
and  by  Equipotential  Surfaces,  which  are  at  right  angles  to 
these.  The  equipotential  surfaces  all  have  the  line  of  the  current 
for  their  common  edge  or  boundary.  If  the  current  be  straight 
the  equipotential  surfaces  are  planes ;  and  if  they  were  visible, 
and  if  the  current  could  be  looked  at  end-on,  so  as  to  appear  a 
mere  point,  these  surfaces  would  seem  to  radiate  from  it  like 
equidistant  radii  from  a  centre. 

The  Lines  of  Force  mark  the  direction  in  which  an  ordinary 
raagnet,  such  as  a  small  compass-needle,  when  placed  within  the 
field,  tends  to  place  itself.  The  one  end  of  the  magnet  is  driven 
in  one  direction,  the  other  end  equally  in  the  opposite  direction 
along  these  lines  of  force  :  the  magnet  is  acted  upon  by  a  couple, 
which  acts  upon  the  two  extremities  or  poles  like  the  hands  on 
the  handles  of  a  copying  press — one  pole  being  pushed  or  repel  I 
the  other  being  pulled  or  attracted,  until  the  magnet  lies  along  a 
line  of  force.  The  effective  components  of  the  couple  gradually 
diminish  as  this  position  is  being  assumed,  and  the  couple  ulti- 
mately ceases  to  produce  farther  rotation  ;  and  further,  since  mi 
pole  is  attracted  as  much  as  the  other  is  repelled,  the  magnet  as  a 
whole  undergoes  in  such  a  field  no  movement  of  translation. 

The  direction  in  which  a  current  tends  to  throw  the  posit  i  v  e 
or  north-seeking  pole  of  a  magnet  placed  in  its  neighbourhood 
is  shown  by  Fig.  235.  This  direction  is  called  the  Positive 
Direction  of  the  lines  of  force.  The  current  in 
Fip.335.  the  figure  passes  vertically  upwards  ;  the  Pos 
--*h  f-^^  pole  is  thrown  to  the  Left  Hand  of  the  Current. 
C  f  _J^  This  expression,  left  hand  of  the  <  urrent,  is  obtained 
by  supposing  the  current  to  be  replaced  by  a  person 
whose  head  is  at  B  and  feet  at  A,  and  who  turns 
so  as  constantly  to  keep  the  magnet-pole  in  full 
view.  The  relation  between  the  direction  of  th<- 
•  urrent  and  the  positive  direction  of  the  lines  of 
force  is  always  the  same  as  that  between  the  propulsion  of  tin- 
he  twist  of  the  hand  in  the  ordinary  use  of  a  Euro- 
pean corkscr* 
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Conversely,  action   and    reaction    being    op]  ationary 

positive  magnet-poles  tend  to  throw  movable  upward  currents  to 
their  left, 

For  negative  magnetic -poles  the  directions  given  are  n  - 
versed. 

Further,  Linear  Currents  act  upon  other  Linear  Currents  ; 
but  they  do  not  throw  them  to  the  right  or  left ;  they  attract  or 
repel  them  directly. 

In  Fig.  236  AB  is  a  current;  round  it  there  are  a  number 
of  lines  of  force.  Let  another  current,  parallel  and  in  the  same 
direction,  be  brought  to  CD  : 
then,  between  AB  and  CI) 
the  lines  of  force  of  the 
two  currents  are  oppoeed, 
hut  beyond  CD  they  concur 
■ir  direction.  The  result 
is  that  the  medium  beyond 

CI  i  is  in  a  state  of  greater  v--.  "V:--—  vksd 

constraint  than  that  between 
AB  and  CD ;  so  is  that  to 
the  left  side  of  AB;    and 

the  two  conductors  are  im-  *  ' 

pellcd  towards  one  another.  If  the  current  in  All  be  opposed 
to  that  in  CD,  the  directions  of  the  lines  of  force  coincide 
between  AB  and  CD,  but  are  opposed  beyond  AB  or  CD,  and 
the  stress  is  such  as  to  drive  AB  and  CD  osundn.  If  the 
currents  in  AB  and  CD  be  at  right  angles,  approaching  one 
another  (Fig.  237),  the  current  in  AB  has  lines  of  force  whose 
direction  is  upwards  on  the 
Iti't  side  of  AB,  downward  on 
its  right.  The  current  CD  has 
lines  which  would  depress  a 

ive    pole    placed    in    the 
upper,   and    raise   a   positive 
pole  placed  in  the  lower  part  Up 
of  the  figure.    The  concurrence 
of  lines  of  force  is  in  the  Ug 

part  of  the  diagram  |  I :  if  the  current  AB  be  fixed,  the 

conductor  CD  is  repelled   in  a  direction   contrary  to   that  of  the 
course  of  the  current  in  AB.     If  the  current  in  CI)  pass  from  D 
towards  C,  the  conductor  CD  tends  to  move  in  the  same  (bi- 
as the  current  in  AV>. 


Up 
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These  result*  were  first  summarised  in  Ampere's  formula,  by  which  the 
attract  [i  -i  i .  :  i  •  .I-,  | .  a  •>  -mall  i-lements  .  if  two  linen  circuits  was  stated  to  vary 

as  I.VJl'  (2  sin  6  sin  tf'.cos  <o  — 
p,*-m  CM  0.OW   *'   "%  v.  id    P 

are  the  intensities  of  the  currents 
ing  in  the  two  wires;  I  and 
F  the  length  d  BBMHtas  ti 

the  distance  between   their  mid- 
pointa  ;  and  0,  6",  «o  are  the  u 
which    determine    their    relativ.- 

i.Mii    M    foQaWS  : — Each 
an  nt  makes  an  angle  0  «r  9  with 
line  AB  ;  hut  further,  these  elements  are  situated  in  planes  which  make 
an  angle  &>  with  one  another. 

We.  may  take  some  particular  cases. 

Let  hoth  currents  lie  in  the  plane  of  the  paper;  the  angle  w  =  0;  cos 
u>=  1  ;   F  cc  lA'.W.  (2  >iu  0  sin  W  -  COB  0*CM  W}j&, 

1.  Let  both  current*  be  parallel  to  AB  ;  0  =  0,  P«sOj  fin  0  =  tdn  0' 
=  0  ;  cos  0  =  cos  ^  =  l;Fce  -  l.l'.ll'/dr.  Two  elements  ol  current,  «nd-on 
to  one  another,  and  running  in  the  same  direction,  repel  one  another. 

2.  Let  both  be  at  right  angles  to  AB  ;  0  =  #'  =  90°  ;  cos  #  =  0  ;  sin  0  = 
I  ;  F  oc  '2l.Y .W ;tP.     Two  elements  of  current,  parallel  and  abreaal  "1 
another,    running   in   the  same    direction,   attract   ODfl   another,      If  they   be 
opposed  in  ilirection,  the  product  I  I'  is  negative  ;  then  F  is  ,  and  the 
mutual  action  is  one  of  repulsion. 

3.  Let  one  lie  at  n  -  to  AB,  the  other  parallel  to  it  ;  9* 

&  =  0.     Cos  e  =  0  =  fin   &  ;   cos   0'  =  1  =  sin  0.     F  =  0.     There   i.* 
appreciable  action  between  two  extreineh  email  element.-  one  <»f  which  points 
end-on  and  at  right  angles  to  the  centre  of  the  (Abet, 

4.  Let  ou«-  I  .   aj   jight  angles  to  AB,  the  other  at  any  other  angle,  say 
45°.     0  =  90°,  0'=45\     Foe    \r2.l.V.U'/(P.    Two  currents  diverging  from 
I  point  aitr.i.  t  one  another;  if  one  of  the  currents  be  reversed,  they  t 
another j   if  hoth  be  reversed,  so  that  both  converge  upon  an  angh*,  they 

'her. 
6.  Two  elements,  B  and  A,  penile]  in  their  direction  :  the  resultant  fan  | 
i m.<  of  attraction  between  1-  .ui-l  A.  r  element  ;it   A'   attracts  B 

towards  A'.      Of  these  two  attractions  the  resultant  is  towards  O.      Pairs  of 
such  elements  symmetrically  ranged  t"  an  Infinite  distance  on 


PifJM, 


O  make  up  an  infinite  conductor  whose  attraction  f"r  B  is  on  the  aggregatr 
F  oc  (I.I'/OK)  x  length  of  element  B.     The  attraction  of  an  intinite  cur 

an  element  of  current  running  parallel  with  it  is  directed  along  a  line  at 
righl  angkl  to  both  currents,  and  is  inversely  proportional  to  the  disunct 
between  them 
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6.  The  element  B  passes  towards  0  ;  A  and  A'  are  equal  elements,  sym- 
metrically arranged,  of  an  infinite  current  along  AA' :  A  attracts  B  :  A' 


Resultant 


Flg.840. 


equally  repels  B ;  the  resultant  is  in  a  line  parallel  to  AA',  and  tends  to 
drive  the  current  in  the  direction  A' A. 

The  formulae  of  Grassmann,  Clausius,  Helmholtz,  and  others,  we  here 
pass  over. 

If  a  wire  bearing  a  straight  current  be  bent  into  a  closed 
circuit  or  loop,  its  equipotential  surfaces  are  modified  into  a  series 
of  bowl-shaped  surfaces  which  still  have  the  wire,  the  contour  of 
the  circuit,  for  their  common  edge  or  boundary.  A  circular  cur- 
rent would  have  equipotential  surfaces  whose  general  form,  looked 
at  in  section,  is  indicated  by  the  undotted  curves  of  Fig.  241,  in 

Fig  .211. 


.  N    \       \ 


iif  I   :    ■ — ! r 

WJjJ    /      ; 


which  the  lines  of  force  are  shown  at  right  angles  to  the  equipo- 
tential surfaces.  To  one  side  of  the  circuit  the  potential  is  posi- 
tive, to  the  other  it  is  negative.  The  positive  side  of  the  circuit 
is  such  that  an  observer  standing  girdled  by  the  current,  with  his 
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head  iu  the  positive  region,  would  see  the  current  pass  round  him 
from  his  right  towards  liis  left  hand. 

If  another  circular  circuit  be  brought  near,  und  if  the  direc- 
tion of  the  current  within  it  be  the  same  as  that  within  the 
former,  the  lines  of  force  of  the  two  circuits  coalesce,  and  the  two 
circuits  attract  one  another.  The  resultant  system  of  surfaces 
and  lines  takes  the  form  indicated   in   Fig.   242.     The  field  of 

Flff.212. 


« 


Equipotential  8urface>  only. 


Equipotentlal  Surface*  A  Line*  of  Force. 


force  between  the  two  circuits  is  approximately  uniform.  The 
lines  of  force  are  all  closed  curves,  but  some  of  them,  those 
which  pass  up  the  centre  of  the  region  between  the  circuits,  take 
a  relatively- wide  sweep  into  space,  and  seem  to  radiate  from  or 
converge  upon  the  external  face  of  either  circuit. 

A  large  number  of  such  circular  circuits  arranged  so  as  to 
have  a  common  axis,  and  thus  to  form,  as  it  were,  the  outline  of 
a  cylinder,  would  form  a  so-called  Solenoidal  system.  Such  a 
system  would  have  lines  of  force  radiating  from  each  extreu 
taking  a  more  or  less  ample  sweep  into  space,  returning  into  the 
opposite  extremity  and  passing  up  the  axial  region  of  the  cylinder ; 
each  line  of  force  being  thus  a  closed  curve.  Tin'  external  electro- 
magnetic field  of  such  a  solenoid  system  would  be  identical  with 
that  produced  by  a  system  consisting  of  an  attracting  disc  at  the 
one,  and  a  repelling  disc  at  the  other  extremity  of  the  solen 
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and  such  a  solenoid  would  by  "no  of  its  extremities  attract  the 
north  and  repel  the  south  pole  of  a  compass-need  lr  j  while  by  the 
other  it  would  attract  the  north  and  repel  the  south  nolo.        r\g.uz 
Such  a  solenoid  would,  so  far  as  its  external  action 
is  concerned,  act  like  a  bar- mag  net,  and  Ampere's 
theory  of    Magnetism   is,  that  magnets  and  solenoid 
systems  of  currents  are  fundamentally  Identioal 

A  soliMinj.l  may  he  roughly  realised  by  winding  a  wire  into 
a  narrow  npiral  and  bringing  the  two  extremities  back  to  the 
same  point      The  error  introduced  in  each   turn  of  |] 
by  its  departure  from  a  perfect  ring-form  iR  roughly  compensated 
by  the  return  of  the  wire  (Fig.  243). 

This  identity  of  action  of  Magnets  and  of  SolenoHal 
Current-systems  being  premised,  we  now  proceed  u>  ^ive  a  rapid 
summary  of  the  main  phenomena  of  Magnetism. 


Ma<:.NFTIsM. 

Some  bodies — a  piece  of  loadstone,  a  compass-needle,  a  wire 
spiral  through  which  a  current  is  passing — tend,  when  suspended 
by  their  centre  of  gravity,  to  lay  themselves  in  a  definite  direction, 
and  to  place  a  definite  line  within  them,  tin  ir  Magnetic  A 
in  a  definite  direction,  which,  roughly  speaking,  lies  north  and 
south.  The  same  bodies  have  the  power  of  attracting  irou. 
Such  bodies  are  called  Magnets. 

Curiously  enough,  this  directive  power  is,  according  to  Gore,  shared  by 
mite,  an  anhydrous  monoailicutv  of  ulumituL 

Magnets  may  be  divided  into  Permanent  (loadstone,  hard  steel 
magnets)  or  Temporary  (a  solenoid  current,  or  ai  magnet, 

a  bar  of  soft  iron  whose  magnet:  us  induced  fay  tin- 

presence  of  an  electric  current  circulating  round  it,  but  which 
endure,  in   soft  iron,   no   longer   than   the   per^  i  I  hat 

current);  or  again,  into  Natural  (loadstone)  and  AititiciaL 

The  constituent  particles  of  a  magnet  are  themselves  magngtf. 
A  permanent  magnet   may  he  cut  into  an  indefinite  mini  hoi 
fragments,  each  of  which   will    be  a   little  magnet,  the    original 
magnetic  axis  in  which  will  continue  to  point  to  the  mag! 
north  and  smith.     When  a  steel  bar  is  converted  into  a  perm.i 
or  a  soft-iron  bar  into  a  temporary  magnet,  some  operation  must 
be  effected,  not  upon  the  mass  as  a  whole,  but  upon  its  constituent 
molecules.     The  magnetic  axis  of  a  bar-magnet  or  compass-needle 
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coincides  more  OK  less  closely,  but  hardly  ever  with  perfect 
accuracy,  with  it3  geometrical  axis  of  figure.  The  extremities  of 
the  magnetic  axis  are  the  Poles  of  the  magnet 

One  mode  i  if  HI  III  whiff  the  mechanical  action  of  magnets  is  to  feign  a 
distribution  of  imaginary  magnetic  matter  at  the  Poles;  p  the  one 

pole,  equal  and  negative  at  tin-  other;  the  attractions  and  repulsions  observed 
IM  exercised  mainly  to  and  from  IfaOBfl  poles. 

Atmtli.  i  method  Ei  bo  feign  ■  distribution  of  magnetic  -rtly  over 

the  surface,  partly  within  the  substance  of  the  magnet  (Poiwon)  <>r  over  lbs 
surface  only  (Gauss  ami  Green). 

Positive  ami  negative  magnetic  distribution  may  be  feigned  to  be  either 
lh-iipings-up  of  positive  matter  tow  an  Is  or  at  positive  poles,  and  of  I 
matter  towards  or  at  negative;  or  else  to  be  distribution  in  excess  and  defect 
ir-; j )._•<_•  tiv..-ly  (or  inversely)  of  one  and  the  same  all-pervadim:  mitgDOtk  fluid. 

These  modes  of  representation  are  convenient  for  calculation  and  exposi- 
tion merely. 

A  long  thin   bar  so  magnetised  that  all  its  molecules  would, 
considered  as  magnets,  be  absolutely  equal,  would  have  its  po 
at  its  ends.     Such  a  theoretical  bar-magnet  is  called  a  Solenoidal 
Magnet.      In   practice  the.  action  of  bar-magnets  is  the  same  as 
that  of  a  tlicoi  ienoitl  whose  poles  are  at  a  somewhat 

less  distance  from  one  another  than  the  extremities  of  the  bar : 
for  which  reason  the  Poles  of  a  bar-magnet  are  often  said  to  be 
within  its  substance,  at  a  short  distance  from  its  ends. 

The  North-seeking  pole  of  a  magnet  is  its  Positive    ] 
the  other,  its  south  pole,  is  its  negative  pole. 

In  different  magnets,  unlike  poles  attract  one   another; 
like  poles  repel  one  another. 

The  force  between  two  poles  varies  inversely  as  the  sqn 
of  the  distance  between  them.  It  also  varies  directly  with 
the  strength  of  each  pole,  or  the  quantity  m  of  magnetic  matter 
supposed  to  be  concentrated  at  each.  It  is  therefore  ¥  =  mm' /<P, 
and  la  repulsive  when  the  poles  arc1  similar,  both  positive  or  both 
negai 

Two  poles  are  said  to  be  of  Equal  Strength  when  they  can 
replace  one  another  in  their  action  upon  external  magnetic 

Two  poles  are  said  to  be  each  of  Unit  Strength  if  they 
equal  and  have  between  them  a  repulsion-force  equal  to  one  dyne 
when  fcheii  mutual  distance  is  on<  fcre  through  air. 

Clnusius  and  Siemens  suggest  that  such  a  pole  should  be  calh'd  a  Weber. 

A  unit  pole  placed  at  1  cm.  from  a  similar  pole  of   strength 
m  units  (or  Webers)  will  be  repelled  with  a  force  of  m  dynes. 
The  opposite  |>oles  of  a  magnet  are  of  strengl  bat 
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numerically  equal;  these   an*  +  n  and  —  m  ;   their  sum  i- 
the  sum  of  the  magnet-  every  magnet  is  always  a 

It  is  not  possible  to  isolate  a  single  magnetic   pole  ».i 
produce   any    numerical  difference    of  strength    between  the   two 
poles  of  a  magnet 

Round  a  magnet  there  is  a  Magnetic  Field  of  Force  per- 
meated by  Magnetic  Lines  of  Force  and  Magnetic  Eqni- 
poten 1 1  :i  1  Surfaces.  An  isolated  positive-pole  (if  such  a  thing 
were  possible)  placed  in  the  neighbourhood  of  the  positive 
extremity  of  a  bar-magnet  would  be  repelled  and  would  travel 
to  the  negative  extremity,  not  by  the  shortest  path,  but  by 
following  the  wide  sweep  of  any  line  of  force  on  which  it  might 

happen  bo  lie. 

The  I  >n  tion  of  a  magnetic  line  of  Force  is  the  direction  in 
which  a  positive  pole  is  driven,  or,  conversely,  a  negative  pole 
pulled  ujuiii. 

A  magnet  within  a  magnetic  field  is  acted  upon  i-v  1  I  -11  pie : 
its  positive  pole  is  driven,  its  negative  ]>ole  drawn,  in  the  dilBfltfafl 
of  the  of   Force  passing   through   them  :   the   axis   of  the 

net  tends  to  coincide  as  nearly  as  possible  with  a  line  of  force 
passing  through  its  centre.  If  this  line  of  force  be  curved,  tin- 
axis  of  the  magnet  is  set  tangentially  to  it. 

The  Condition   of  a  Magnetic   Field  at  a  point  is  determined 

(1)  by  the  Direction  of  the  Una  of  Force  pamfnfl  throngs  the 

point,  and  (2)  by  the  local    Int.-u-ii  y  or   Strength   of  the  field 
— 1>..  by  the  amount  of  force  with  which  a  O&it-pola  ti 
1  is  repelled  or  attract    I 

unit  intensity  of  nVM  would   1..-  that  prodnotd  i.y  I  Webtl  I]    1 
distance.     Sir  William  Thomson  suggests  that  this  unit  of  intensity  should 
be  called  a  Gjiii.*.-. 


When  the  local  intensity  fa   I".  a  magnet  whose  length  I 
and  whose  pole-  haw  the  respective  TalUM  m  and  —  ;//,  ~< 
by  a  e«'U]ile  :  \\  and  its 

ni-iiiir-nt    (fl   ("'Fx  $1) ;  the 


Fig,  344 


l« 


*» 


moment   of   that  actiu-    op 
the   negative   ]iole  is   (  —  m 
x  -Y  x±l)  =  $m\ 
moment   of   the    couple    is 

thus   „l        At  a   spot   where   the    Intensity   F=l — tl,. 
within  a  unit  magnetic  field — this  BUHDJ 

nunn  1  ngth  of  either  pole  multiplied  by  the  Length  of  the 
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magnet.     This  moment  is  called  the  Magnetic  Moment  of  the 
magnet. 

If  a  magnet  of  length  I  be  broken  into  «  fragments,  each  of  1 
i  In-  magnetic  moment  of  each  fragmeut  is  m  X  /,  «  ;  the  uuui  of  khi   magnetic 
rnonients  of  all  the  n  fragments  w»x  n.(/n«ttl,  the  magnetic,  moment  of 
the  original  magnet,  ami  each  fragment  possesses  poles  of  Mtrength  in,  equal 
to  those  of  the  original  magnet 

When  two  equal  magnets  are  arranged  thus — 

X 8,  N— — S. 

the  extreme  poles  are  affective,  the  intermediate  ones  mask  one 
another;  when  work  is  done  upon  them  in  separating  them,  the 
original  condition  is  restored  and  all  the  poles  are  again  manifest. 
When  ft  such  magnets  are  connected  in  this  way,  all  the  poles 
except  the  extremes  mask  one  another.  A  uniform  bar- magnet 
/  em.  long  and  a  sq.  em.  in  cross-section,  and  therefore  having  a 
volume  of  la  cub.  cm.,  may  be  considered  as  a  collection  of  la  mag- 
nets, each  1  cm.  in  Length  and  1  sq.  cm.  in  section,  and  therefore 
each  of  unit  volume.  The  magnetic  moment  of  the  whole  is  equal 
to  that  of  la  such  magnets  :  the  magnetic  moment  of  each  of  these 
unit  volume  magnets  is  that  of  the  entire  magnet,  ml,  divided 
In,  the  volume,  and  would  therefore  be  equal  to  mja.  This  is 
the  so-called  Intensity  of  Magnetisation  of  the  bar-magneL 

If  the  intensity  of  magnetisation  of  a  bar-magnet  were  equal 
throughout,  its  poles  would  be  situated  exactly  at  its  extremities. 
W«  generally  ibid,  however,  that  magnets  present  abnormal  i; 
in  this  respect,  and  that  they  may  even  have  secondary  poles, 
produced  by  local  inequalities  in  the  intensity  and  by  consequent 
deficient  compensation  of  the  internal  poles. 

Such  complex  distributions  can,  within  a  bar,  be  generally  represented 
by  the  Btiperjxwition  of  a  number  of  solenoids  of  different  lengths. 

A  steel  sphere  will  be  magnetised  uniformly  if  it  be  place* I 
for  ue  within  a  uniform  magnetic  held      It   then    has  a 

moment  equal  to  that  of  a  small  axial  may 
NS,  Fig.   245 ;  and  it  tends  to  lay  its  axis 
NS   along    that  line  of  force  which   passes 
through  its  centre. 

The  Earth  considered  as  a  magnet  is  not 
uniformly  magnetised ;  its  intensity  of  magnet- 
i -at  ion  is  not  equal  throughout ;  it  does 
act  upon  bar-magnets  placed  near  its  surface 
exactly  as  a  distant  bar-magnet  would  do,  for 
the  law  of  its  action  is  not  even  approximately  expressible  by  any 
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formula  less  complicated  than  OOC  which  contains  at  It  ly- 

fonr  coefficients  (Gauss). 

To  find  the  Magnetic  Moment  of  a  Magnet. — We  mail  000 
0M  magnetic  moment  M  of  the  magnet  with  U,  the  horizontal  compmi  m  ol 
the  intensity  of  the  earth's  magnetic  force  at  the  place  of  observation.      ' 
(MM  process  we  pu  i in  1  the  value  of  MH  ;  by  another  we  can  find  that  of 
M  H  ;  from  these  data  we  can  find  not  on  magnetic  niument  (fur 

MHxM/H  =  Ms),  but  also  H,  for  MH-r(M(  H)  =  H*. 

1.   To  find  Mil  (ki  Method  of  Vibrations"): — Suspend  a  very  long  mag- 
net by  one  tli  read  attached  to  ita  centre  ;  load  it  so  that  it  may  swing  hori. 
tally  round  u  vertical  axis  :  observe  the  time  of  its  oscillation  under  tie  earth's 
magnetic  attraction  of  one  poll  and  repulsion  of  the  other.    The  time  of  a  com- 
plete oscillation    is   T  ■  -  v'lHM,  where    I    is  tlot  BUMMnt  "f  inertia  (page 
150).      In  the   simple-pendulum    formula   (page  197)   'X  =  2ir  s/\  xd.      Here 
ir,  tin-  weight  of  the  pendulum,  is  replaced  by  Utn,  tlie  attraction  of  the  one, 
ami  -  Hoi,  the  repulsion  of  the  other  pole.     Hence  T  =  2r  \/l/2Hm.i;  but 
2/m  =  M,  the  uiaguetic  moment  of  the  magnet  of  length  2Z,  which  swingB 
suspended  on  it*  midpoint  like  a  couple  of  simultancou. 
dulums  each  of  length/.     Whence  T,  the  period  of  a  complete  or  d<>i. 
oscillation,  =*  2*r  v^I/HM.    T  can  be  found  ;  I  can  be  ascertain-  <  I  ven 

needle  j  whence  (HM)  may  l»e  calculate -<1. 

This  ojieration  is  diflii  ult  ;  for  M,  the  magnetic  moment,  and  therefore 
the  rate  of  oscillation,  varies  with  evei  \  slight  vibration  or  change  of  state  or 
of  the  temperature  of  the  suspended  magmt. 

If  we  take  the  torsion  of  the  suspending  thread  into  account  we  find  that 
a  restitution- pret^ure  has  been  develo|>ed,  proportional  to  the  displacing  force 
Hm  and  also  to  the  arm  of  the  lever,  /,  the  distance  of  the  pole  from  th<- 
thread  ;  it  is  therefore  proportional  to  Hm.l  md        i     |i    i    !  I1M  .  call 

it  p.  HAL     The  force  tending  to  restore  the  needle  to  its  mean  position  is  not 
HM  but  BH  +  y>.  HM  ;  am!  Of  of  the  value  of  T  is  not  >/HM  but 

v'HM+;dl.M. 

To  find  the  value  of  I,  the  Moment  of  Inertia,  we  must  attach  to  the 
oscillating  needle  a  mass  whose  moment  of  inertia  I,  is  known  from  geo- 
metrical considerations.  Let  this  Ik-,  for  instance,  a  ring  of  rectangular  cross- 
section  whose  mass  is  *a  and  whose  radii  are  rt  and  r  ( ;  the  moment  of  inertia 
is  (No.  6,  p.  141)  Jm  (r/J  +  r2),  or  half  the  weight  x  (rit*  +  r*)}g.  When 
I  needle  in  such  a  way  that  the  horizontal  oscillations 
•i  ill.  m-edle cause  the  heavy  mass  to  rotate  horizontally  round  its  own  centre, 
the  time  of  a  complete  oscillation  is  increased  to  T#,  which  is  equal  to 
2tv/(1  +  I,)/HM.  These  data  are  sufficient  to  give  the  value  of  I,  the 
moment  of  im-itia  ..f  the  needle. 

If  ib»  needle  be  a  straight  wire  of  length  2J,  I-mi-/3 ;  whence  HM  = 
4ir3.mr-\ 3T-',  where  m  is  the  mass  of  the  needle  in  grammes  (Equation  a). 

2.  To  find  M/H. — We  may  use  the  same  needle  to  produce  a  dell, 
in   u    compass-needle     free    to    swing    round    its    midpoint  ;    by   OttMn 
the    deflection    finn    the    Magnetic   Meridian  (p.   626)  whflfl   tin-  compaai- 
needle  has  come  to  rest    uml.-r   the   inflm-m-i-   of  t'i  | -.1.  -,   y>>-   Hml 

the  ratio  of  these  couples  and  thus  learn  the  value  of  M  1L     These  no  two 
main   methods  ;  the  End-on  •lenVctmu-method   uu<\   the    Brotddkl*.  deflootfflBc 

method. 
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Fig.848. 


In  the  former,  the  End-on,  Fig.  246,  DE  is  the  deflected  magnet  or 

compass- needle  ;  AB  the  magnet  whose 
moment  we  are  investigating  ;  a  the  deflec- 
tion ;  d  the  distance  between  C  and  the 
midpoint  of  AB,  a  distance  very  consider- 
able as  compared  with  the  dimensions  of 
DE  ;  21  the  length  of  AB  ;  then 


i 


tan«  =  _. 


a  formula  which,  when  the  length  21  of  the 

magnet  AB  is  small  in  comparison  with  the  distance  d,  becomes  tan  a  =  2M/H<P. 

In  the  latter,  the  Broadside  method,  Fig.  246a,  AB  is  fixed  so  that 

Fig.  246  a.  it*  midpoint   is  in  a   line  with  the 

magnetic  meridian  passing  through  C, 

■  ■  ft  and  d  being,  as  before,  the  distance 

between  the  centres  of  the  magnets, 

HE  the  deflection  a  is  such  that 


M 
tana  =  _. 


i,(o):t 


which,  if  I  be  relatively  insignificant, 
becomes  tan  a  =  M/HdF  ;  the  twisting 
couple  in  this  case  is  therefore  half 
that  due  to  AB  when  the  end-on 
method  is  applied. 

By  blending  equations  (a)  and  (b) 
we  find  that  the  data  of  the  end-on 
measurement  give 

M=(irZ/T)  (d*-P)  vTtan^Tii/3J, 

and 
H  =  (Srf/T(<f»  - P))  \/2xnrf/3  tan  a, 

expressions  which  involve  onlymeasur- 
\    able  terms,  and  which  give  numerical 
-g  values  for  H  and  M  in  proper  C.Q.S. 
units.     Similarly  by  blending  equa- 
tions (a)  and  (c)  we  may  interpret  the  data  of  the  broadside  method. 


*  DE  is  supposed  so  small  that  all  forces  acting  on  it  act  along  the  line  BC,  and 
that  deflections  do  not  modify  the  forces  upon  it.  The  distance  BC  is  (d  -  I)  ;  the 
strength  of  B  is  M/21 ;  the  strength  of  D  is  m ;  the  force  between  B  and  D  is 
mbl/2l  jd-l)".  Similarly  the  force  between  A  and  D  is  opposite  in  sign,  and  equal 
to  milt/21  (d+ If.    The  force  upon  D  is  thus 

w«  I  srWfl&j  i  =  "»-«*»f-=w       

An  equal  force  acts  upon  E.    The  couple  acting  on  DE  is  thus  DE  x  mH.2d/(<ti  -  P)* 

=  M,M .  2d/{cP  -  P)2  where  M,  is  the  magnetic  moment  of  DE.    When  DE  is  deflected 

through  an  angle  a  this  couple  becomes  2MM,  d  cos  a  .  /(d2  -  P)*.    When  thia  couple 

is  in  equilibrium  with  the  terrestrial  horizontal  couple  (H .  wiDE.  sin  a)  or  (H .  M,  sin  o), 

2MM, .  d  cos  o .  /(rf3— r-')"=  H  .  M,.  sin  a,  whence 

M     _2rf_ 
tana-  R  •  ^_p)t' 

t  It  is  supposed  that  all  parts  of  DE  are  appreciably  at  the  same  distances  from 
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If   ■  nil   as  to  the  true  value  of  2/,  the  distance  between 

the  "poles"  of  AB,  we  I    1 1J  repeating  at  a  different,  distance  d  the 

observations  which  lead  to,  say,  equation  (b).  We  now  have  a  different  a,  a 
iliil.itiit  dy  but  still  the  BUM  /.  From  fcWO  nuch  equatiuns  WB  BIO  uUiin  t  It  •• 
numerical  value  of  /. 

Magnetic  Potential. — A  magnetic  pole,  if  isolated,  would  bo 
Buzronnded  by  conoentrioally-apberical  equlpotectaal  surfaces  tm- 
versed  by  radial  lines  of  force.  Hut  a  magnet  has  two  poles  of 
opposite  kind,  and  the  tield  of  force  surrounding  it  presents  a 
general  character  which  may  be  approximately  represented  by 
Fig.  241,  if  the  Hues  marked  Equipotcntiul  Surfaces  in  that 
"•.  held  to  represent  Lines  of  Force  and  vice  verm. 

The  potential  at  any  point  due  to  the  positive  pole  m  at  distance  r  is  mjr; 
that  due  to  negative  pole,  -  in,  at  distance  r'  is  -  mj/;  due  to  both  together 

the  potential  b  —  -    -,  or  m  I    -   ■    ,  )>  which  has  the  same  value  for  every 
r         r  \  r        r  J 

on  "in-  Bad  the  saxne  equii>uteiitiul 

Magnetic  Shell. — We  may  arrange  a  number  of  bars  side  by 
\  so  that  their  similar  poles  all  point  iu  the  same  direction  ;  a 
metal  sheet  is  thus  built  up,  of  which  the  one  face  is  negati-. 
the  other  positively  magnetised.  Such  a  sheet  is  called  a  Mag- 
netic Shell  The  Magnetic  Moment  of  such  a  shell  is  the  sum  aj 
the  magnetic  moments  of  all  its  portions.  Let  it  be  supposed  to 
be  first  a  continuous  shell,  and  then  to  be  divided  into  porti 
each  1  sq.  cm.  in  area.  Each  such  portion  will  have  a  magnetic 
moment,  M.      The  magnet  if  moment  of  each  such  unit-area  portion, 

if  this  be  invariable  over  the  whole  shell,  is  sailed  the  Strength 
of  the  Shell;  it  is  equal  to  the  magnetic  quantity  pel  unit 
area  x  the  thickness  of  the  shell. 

The  Potential  of  a  Magnetic  Shell  upon  a  Unit  Positive-Pole 
placed  at  any  point  facing  the  Positive  Aspect  of  the  Shell  will 

be  the  product  of  the  Strength  of  the   Shell   into  the  Appai 
Sin  faff  of  the  shell,  as  seen  from   the   unit-mass — this  apparent 
surface   being  measured   by  the   projection   of  the   shell   ujm.h  an 
ideal  sphere  whose  centre  is  occupied  by  the  unit-mass,  and  whose 

A  Baa  the  central  point  CU  ;  i.t.,  at  distance  d  from  the  midpoint  of  Alt,  at  distance 
yfiP  +  T*  from  either  A  or  B.  The  pole  D  u  attracted  by  the  one  end  of  AB  and 
repelled  by  the  other  ;  in  each  case  with  a  force  m.  l\yil '.  Al»".  or  »t\\.-2l.(«P  +  P). 
The  resultant  force  on  D  is  parallel  to  I  and  in  therefore  equal  to  the  whole  I 
acting x Ij-jtP  +  P ;  i.e.,  it  h  equal  to  mMftF+Pjf.  The  resultant  on  E  is  equal 
and  opposed  in  direction.  The  couple  on  DE  is  therefore  rr»M/(d*  +  /*)•  x  DE  x  cos  a 
M(.  M  .  MM  *./{•{•  -  P)i.  This  is  equal  to  the  terrestrial  couple  H  .  M,  .  »in  a  ; 
whence  tan  *mHJH{<P+P)l 
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radios  is  1   cm.,  or,  in  other  words,  by   the  value  of  tht-  Solid 
Angle  subtended  by  die  Shell  at  the  point 

If  the  shell  be  fixed,  the  positive  pole  will  tend  bo  man  nway 
to  iv_'in]is  of  less  potential,  and  thus  to  travel  round  to  the.  nega- 
tive side  of  the  shell.  If  the  unit  pole  be  fixed,  the  shell  will 
tend  to  move  in  such  a  way  as  to  diminish  its  apparent  area, 
and  even  to  present  what  is  equivalent  to  a  negative  area, 
namely,  its  negative  side,  to  the  positive  pole ;  it  will  therefore 
tuinl  ti'. 

In  the  immediate  neighbourhood  of  a  magnetic  shell  the  un  -nded 

by  it  is  2tt  ;  the  j*otential  near  the  positive  surface  is  therefore  ferS,  where  S 
in   the  Strength  Of  the  .shell  ;  near  the  negative  surface  it  is  -  nee, 

when  l  unit  po^tivc-polc  moves  fruin  the  +  to  the  -  surface,  4rS  unit 
work  are  done  by  it. 

The  Equipotentifil  Surfaces  in  the  neighbourhood  of  a  magDG 
shell  are  such  that  from  every  point  on  any  one  of  them  the  area 
of  the  shell  will  for  that  surface  appear  invariable.  But  equi- 
potential  surfaces  as  determined  by  this  criterion  are  identical 
in  form  with  those  bowl-shaped  equipotential  surfaces  which  sur- 
round a  closed  circuit  bearing  a  current  of  electricity  (Fig.  241) ; 
provided  that  the  contour  of  the  shell  and  that  of  the  circuit  be 
the  same.  A  Magnetic  Shell  and  a  Closed  Current  of  eta 
may  therefore  have  in  their  vicinity  an  identical  Magnetic  or 
Electromagnetic  Field. 

Terrestrial  Magrnetiam. — The  neighbour)] I  ol  the  surface  of  tht 

Earth  is  a  great  Magnetic  Field,  nearly  uniform  within  such  small  spaces  as 
the  interiors  of  rooms.  The  lines  of  force  point  in  the  northern  hemisphere 
down  wards  and  north  wards  :  in  the  southern  hemisphere  upward*  and  north- 
wards. A  compass-needle  thill  tendl  to  place  itself,  in  the  northern  le 
pherc,  n  that  it-  magnetic  axis  points  downwards  and  to  the  Magnetic.  North, 
which  ii  inclined  to  the  west  of  the  true  or  Geographical  North  by  a  so-called 

linati.fi   of  18"    5'68'   (at   Greenwich,    1885;    21"    .  i nburyh, 

22"  8'  in  Dublin).    This  declination  towards  the  west  is  at  present  decree 
at  Green  wit  li  by  7"38'  per  nniiiuu.      If  the  needle  cannot  D  ;»t  round 

a  vertical  axis,  its  axis  cannot  point  downwards  or  upwards:  it    tl 
tends  to  point  to  the  Magnetic  North,  lying,  afl  it  does  ho,  with  its  mag- 
netic axis  in  a  line  situated  in  the  bjiiu.-  vertical  plane  with   the   trne  line 
of  force.     This  plane  is  the  Magnetic  Meridian  ;  and  the  mag] 
of  a  given  magnet  may  be  found  if  the  magnetic  mi  si»>^  through 

act  of  oba  rvatkn  be  known. 

To  find  the  magnetic  meridian  a  -  utficienL.     The 

axis  of  tigurv  of  a  needle  mi  incide  with  it-  magnetic  axis,  and 

needle  £wMcn  is  provided  with  an  agate  cup  on  each  of  its  flat  faces)  b  there- 
fore observed  when  it  lies  poised  on  one  side,  and  again  when    it    lies   on  thr 
H  r.     The  mean  of  the  two  positions  gives  the  position  of  tin  ,•  ^j* 

of  the  n He,  and  therefore  indicates  tl  ic  meridian.    'I  ward 
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OC  upward  direction  of  tin-  Unas  of  force,  their  departure  from  the  horizontal 
line,  is  th.   1  in  1  i  u.it i on  or  Dip  of  the  needle.     This  is  downwards  in  the  N. 

M< anisphere,  opwnrdi  in  tin-  Bonthern.    A  need  led  "'i  ■  horizontal 

axle  will,  by  the  mean  of  two  readings,  give  the  downward  inclination 
it*  BH|0tt  Friction  pr-vents  the  attainment  of  very  great  accuracy 

in  this  measurement,  though  this  can   be  greatly  dimini-died  bj  tUnging  the 

of  tii''  noodle  upon  silk  thnida.    The  taettnatkei  i*  si  |  -ssft, 

67*  2',  diminishing  by  2"04'  per  annum  :  .O*  30'  ;  in  Dublin, 

60*  30'. 

h'  tin-  itirlinuti'iti  be  found,  anil  the  horizon;  01  nt  of  the  attractive 

force  of  the  earth's  magnetism,  acting  BpOD  0  unit  j w »!«*,  !«•  known,  we  have 
the  -lata  required  1  lining  the  whole  i n t.-rn-: t v  of  the  earth's  iuagii. 

field  in  tin-  direction  of  the  lines  of  fane  It  any  point.  The  horizontal  com- 
ponent at  Greenwich  in  1885  is  0*18165  dynee,  increasing  by  -00027  per 
annum.  The  vrt:«,d  component  there  Ifl  0"43696  dynes,  decreasing  by 
•00008  per  annum. 

The  line  along  which  the  lines  of  force  are  horizontal,  and  at  which  the 
Inclination  or  Dip  if  .t[ual  to  zero,  i«  the  Magnetic  Equator,  which  doee 
not  coincide  with  the  geographical  equator,  and  is  not  a  great  circle  of  the 
earth.  The  lines,  rOHg*Bl*j  parallel  t"  the  magnetic  e-jiiat-T,  along  which  the 
Dip  il  e<jual,  are  the  Magnetic  Parallels:  these  are  lines  Along  which 

potential  surfaces  cut  the  surface  of  the  earth.  The  intensity  of  the 
earth's  magnetic:  farce  nny  be  indicated  by  the  distance  between  these 
parallels,  just  as  those  maps,  which  give  contonr-line*  in-lieating  equal 
levels,  may  show  by  the  -rowding  together  or  ■operation  of  these  lines  the 
tendency  1 0  rapid  <>r  GO  slow  Mow  over  the  face  of  a  country.     The 

map  •■  illels  are   not  great  circles  of  the  earth  ;  they  ere   net  «ven 

parallel  to  Otte  Mother;  in  circumpolar  reglani  they  are  irregularly  ellipti- 
cal, and  ill**  needle  pointi  to  their  curvature.  A  Magnetic  Pole 
is  a  RP0l  whffflB  the  eipjijHitential  surfaces  of  the  nnign-  graze  the 
earth's  .-surface  ;  the  needle  theiv  ttSJldjI  the  dip  being  90°.  Tl 
are  two  true  poles, one  arctic  (negative  ,  the  Othl  I  together 
with  other  polntl  towards  which  surround:  i<  Miffl  BO 
verge,  l'Ut  which  m  only  the  centres  of  CWVtlQN  Of  the  irregularly -shaped 
parallels.  The  line  joining  the  !'■  I  -  does  not  coincide 
with  anything  which  maj  be                                                      irth. 

Tbn  terreetriel  magnetfc  leld  andeo  nmi  katte  Variations.  The 
direction  of  the  lines  of  force,  and  therefore  tic  dip,  nation  and  the 

position  of  the  magnetic  north,  as  also  the  intensity,  undergo  secular  changes  ; 
and  tin -re  are  other  changes,  some  of  which  depend,  like  the  period  of  ■ 
spots,  upon  a  riod  of  about  eleven  years  other*  npoil 

of  the  inn,  upon  the  position  of  the  moon,  upon  the  time  of  the  year  and  the 
hour  of  the  d.iv  ;   while  otha?  disturbances,  productive  of  electn-tl  OBO 
in  the  er.i-t  ol  the  •  flu  1 1  ful  and  so  irregular  as  sometimes  to  render 

nailing  perfectly  unintelligible    -disturbances known  as  Magnetic 

oheerred  tooccnr  with  specie]  Iroq  pmpathj  with  out- 

breaks of  sunspots  and  of  sol..  llorealis. 

The  nature  of  the  undoubted  connection  between  the  sun  and  the  magnetism 
of  the  Berth  El  a  the  bigheet  degree  obscure  ;  it  is  clear,  however,  that  the  sun 
and  moon  «•  r  :  -•■  any  important  direct  affect  as  magnets,  although 

u   one   side  of  the  sun  towards  us  the    terrestrial  muguetic 

intensity  than  when  that  side  ii  turned  gw 
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Magnetic  Induction. — Soft  iron  filings  are  attracted  by  a 
magnet,  and  themselves  become  temporary  magnets.  This  they 
do  even  though  they  be  not  in  contact  with  a  magnet,  but  merely 
exposed  to  such  forces  as  can  act  upon  them  within  a  magnetic 
Held.  Soft  iron  completely  loses  its  magnetic  properties  when 
removed  from  the  neighbourhood  i  net;  but  a  steel  or  hard 

iron  bar,  which  is  with  greater  difficulty  induced  to  become  a 
magnet,  will  not,  when  removed  from  the  field,  entirely  lose 
magnetic  state,  but  preserves  a  certain  Residual  M  ague  lis* 
tion.  The  property  of  steel  or  hard  iron,  in  virtue  of  which  it 
slowly  takes  up  and  slowly  parts  with  a  magnetic  condition,  ifl 
traditionally  named  its  Coercitive  Force.  Any  vibration  or  jar 
which  facilitates  relative  movement  of  particles  of  the  iron  will 
enable  its  molecules  to  yield  to  the  inducing  forces,  and  will 
facilitate  the  magnetisation  of  the  iron :  and  after  its  removal 
from  the  field,  such  a  jar  will  facilitate  its  loss  of  magnetic 
condition. 

A  poker  suspended  near  the  earth's  surface  and  repeatedly  struck  will 
become  feebly  magnetic;  so  does  an  iron  ship  which  ia  exposed  to  mm  li 
hammering  during  construction  ;  sad  nil  working  machinery  is  magnetic. 

The  affeoti  of  the  inducing  force*  within  i  magnetic  fteW  differ  from  tin.-*. 
withm  ■  Bald  oJ  fore*  In  thr.  following  respect* : — (l)  The 

one  widen  afieeta  the  state  of  each  moilecnle  ;  (2)  There  ia  no  repulsion  I 
mass  of  iron  or  steel  which  comes  in  contact  with  a  magnet ;  and  (3) 
power  of  Uddng  np  a  magnotte  condition  in  any  marked  degree  ia  limited  toi 
very  small  number  of  bodilt,  though  to  a  slight  extent  it  is  possessed  by  alL 

The  strength  of  the  poles  of  an  induced  magnet  depends  on  the 
nature  of  the  magnetic  field,  and  therefore  on  the  strength, 
distance,  the  direction,  the  fomi,  of  the  inducing  magnet ;  an- 1 
upon  the  nature  of  the  body  acted  upon,  its  form,  its  direction,,  and 
its  size. 

In  some  substances  the  magnetisation  induced  is  such  that 
the  north  pole  of  the  induced  magnet  lies  as  far  as  po. 
the  lines  of  force, — as  far  as  possible  away  from  the  north  jjole  of 
the  inducing  magnet.  Such  substances — iron,  nickel,  cobalt, 
manganese,  chromium,  oxygen,  etc. — are  Paramagnetic  or  Fer- 
romagnetic. 

In  other  substances  the  direction  of  the  induced  magnetisation 
is  the  reverse  of  this.    Such  substances — bismuth,  antimony,  sfl 
copper,  hydrogen,  nitrogen,  etc. — are  Diamagnetic. 

Intermediate  between  these  are  such  substances  as  air,  which 
do  not  become  magnetic,  or  but  very  slightly  so. 

In  still  other  substances  the  induced  magnetisation   is 
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parallel  to  the  lines  of  force,  but  along  certain  Lines  of  Induction 
witliin  the  body,  whose  direction  depends  upon  the  molecular 
agglomeration  or  the  crystalline  constitution  of  the  body. 

The  Lines  of  Induction  within  an  induced  magnet  must 
therefore  be  distinguished  from  the  Lines  of  Force,  with  which 
ilit-v  do  not  in  all  cases  coincide;  within  a  magnetic  field,  on  the 
Other  hand,  they  are  coincident  in  all  resptt 

The  lines  of  induction  within  a  magnet  are  directed  from  the  positive 
towards  the  negative  pole ;  a  magnet  thus  tends  to  repel  its  own  magnetism 
and  to  weaken  itself  Ly  self  -induction.  The  lines  of  force  within  an 
induced  magnet  are,  on  the  one  hand,  directed  towards  the  positive  pole:  for 
this  is  t:  n  in  which  the  induced  positive  magnetisation  in  impel' 

The  intensity  of  magnetisation  produced  in  a  particle  by  induction 
depend.*  upon  F,  the  intensity  of  the  surrounding  magnetic  field  ;  but  not  DpOB 
this  only.  It  alio  dspendl  upon  the  reaction  of  otbtt  potifiki  which  have, 
by  intluetiuu  within  the  MBM  field,  beOQOU  magnetic.  The  intensity  of  mag- 
netisation, I,  induced  in  a  particle  depends,  thtntet,  OB  the  iggnggtl  force 
acting  upon  it,  and  vmics,  within  certain  limits,  directly  as  that  aggre 

it  is  therefore  equal  to  that  aggregate  force  multiplied  by  a  constant. 
'I 'In*  constant,  peculiar  to  each  substance,  is  *,  the  so-called  Coefficient  of 
Induced  Magnetisation  for  the  substance  acted  upon,  or  its  Magnet 

ihility.      In  :i  limiting  caw,  that  of  an   BEtfUk  dydong  cylindi 
l«xr,  the  force  due  to  the  magnet  itself — tliat  ie,  to  its  distant   polil — may  l-v 
liegleeted.       Thin   llie   IbffM  (fafl  to  the  field  acts  alone  within  tie 

1  -k  F.      If  the  field  lie  a  field  of  unit  int«nsit\ ,  F-  I,  1  -  k,  and  the  Co- 
efficient of  Induced  Magn.-tiKition  is  eipial  to  I  hi-  intensity  of  the  magnetisa- 
tion assumed  by  an  exceedingly  long  and  exceedingly  thin  bar  plao.->l  n 
such  a  Unit  Field.     This  may  be  takm  M  t Im-  &  finition  of  that  OOB&cfakt 

If  in  an  induced  in  lie  direction  of  its  magnetic  axes, 

we  ideally  excavate  a  disc-shaped  cavity  at  right  angles  to  the  lines  of  iudiii.- 

i,  that  cavity  being  supposed  to  be   extnun-lv  thin  as  compared  wit! 
breadth,  the  force  within  the  cavity  due  to  the  action  of  the  surrounding 
magnetised  particles  will  be  4rrl:*   that  due  to  tie-  maguetic  field  will  be  F; 
together,  the  force  within  the  ra\ify  \ull  be  F  +  4rL     This  force  is  c.  I 
file  Magnetic  Induction  within  the  magnet.     This  magnet i>    imlm 
varies  as  the  strength  of  the  field,  and  is  equal  to  that  strength  multiplied  bv 
a  coefficient,  ft.     This  coefficient  is  called  the  Coefficient  of  Magnetic 
Induction,  or  the  Magnetic  Permeability  ..f  the  substance.     It  will  be 
■MB  tli.i* ,    iir.'  I -kF,  F  +  4rI=F  (1 +4itk),  and /i  =  (l +4^k>. 

For  soft  iron  k  =  32,  and  n  =  403*125 ;  for  air  k  is  approximately  =  0, 
and  p»l;  for  bismuth  k=  -000,002,5,  and  /*  =  0'999,996,858,4.      I 
muth  if  the  BUMt  strongly  diamagnetic  su1>stAnce  known,  and  has  the  least 
known  dity. 

If  we  consider  the  air  in  the  neighljourhood  of  a  inn-int.  we 
Bud  a  certain  number  of  lines  of  force  or  of  induction  passing 

*  See  Proposition  (9),  page  177;  then  N  we  have  the  fore*  at 

a  point  Iwtween  two  such  faces,  whose  breadth  i.i  practically  infinite  a->  ■ 

the  distance  between  thorn:  one  attracts,  the  other  repels:  these  effects  cot 
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through  a  given  bulk  of  it.  If  we  replace  tin-  given  bulk  of  air 
by  an  equal  bulk  of  iron,  we  find  the  lines  of  induction  gathered 
together  into  it  from  the  surrounding  magnetic  field.  The  induc- 
tion within  the  iron  is  greater  than  that  previously  within  tin- 
undisturbed  megnetia  fieM.  The  equipotential  surfaces  are  also 
farther  apart  within  the  iron,  so  that  iron  may  be  said  to  transmit 
inductive  effect  better  than  air  or  a  vacuum. 

A  diaraagnetic  substauce  has  the  reverse  property ;  fewer 
lines  of  induction  pan  through  it. 

The  result  of  this  distortion  of  the  lines  in  the  magnetic  field 
is  to  set  up  stresses,  which  tend  to  cause  an  iron  bar  to  assume  a 
position  parallel  with  the  lines  of  force ;  while  a  bar  of  bismuth 
tends,  in  a  non-uniform  field,  to  move  into  a  position  of  least 
negative  magnetisation,  and  to  lie  across  the.  lines  of  inductkiD,  at 
right  angles  to  them  if  possible.  Substances  which  in  the  form 
of  bars  take  up  this  cross -position  in  a  non-  uniform  field — 
Diamagnets — comprise  the  great  majority  of  the  substances  found 
in  nature, 


In  a  uniform  field,  a  magnetically  isotropic  substance  (i.e.,  one  in 
which  .ill  <!ntrt.ions  are  magnetically  .similar),  if  its  form  be  spherical,  be- 
comes simply  magnetised  and  remains  at  rest.  If  its  form  be  ellipsoidal  or 
DtlKCWiM  elongated,  it  tends  to  rotate  until  its  greatest  length  lies  parallel 
t<<  tin?  lines  of  force,  ami  this  whether  it  be  paramagnetic  or  diamagn> 

If  the  substance  be  aelotropic  (i*.r.,  having  different  eusccptibiliti- 
in  different  directions)  and  spherical,  the  sphere  tends  to  rotate  until  it 
brings  its  direction  of  greatest  susceptibility  paralb  1  to  the  lines  «  i 
it  be  elongated  we  have  two  eases:  (1)  in  the  case  of  very  small  suscepti- 
bility the  form  has  |o  aflat  t,  and  tie-  axis  of  greatest  susceptibility  cornea  to 
lie  along  the  lines  of  force ;  (2)  in  the  case  of  great  susceptibility  the  longest 
axis  lies  parallel  to  the  lines  of  force. 

In  a  non-uniform  field,  an  isotropic  sphere  tends  to  n 
the  Lines  of  Slope  (p.  187)  into  regions  of  greater  force  if  the  substance  be 
paramagnetic,  into  regions  of  less  force  if  it  be  diamagnetic  An  elongated 
body  if  it  be  paramagnetic  lies  along  the  lines  of  force,  a  position  in  which  it 
lies  as  far  as  possible  in  the  strongest  part  of  the  field ;  if  it  In;  diamagnetic 
it  rotates  so  as  to  lie  across  the  lines  of  force,  a  position  in  which  it  lies  on 
the  whole  in  the  weakest  possibl   pgrl  ,,\  t\„-  tit-Id. 

If  the  substance  be  aelotropic,  the  force   tending  (••  produce  m 
along  the  Lines  of  Slope  is  greatest  w  hen  the  axis  of  greatest  jarama. 
susceptibility  is  parallel,  or  that  of  least  diamagnetic  is  at  right  angles  to  the 
I  fana:   'tint  In  the  case  of  crystals,  the  susceptibility  being  tmalL  then 
will  In-  rotation  int..  tli.  whatever  the  form  of  the  crystal. 

A  diamagnetic  substanee  has  therefore  V  ■  >s;  (1) 

a  bar  of  it  places  itself  across  the  lines  of  force  in  a  non-uniform  field,  and 
(2)  a  sphere  of  it  in  a  non-uniform  Said,  such  as  the  neighbourhood  of  i 
[Kjle  nf  a  magnet  or  of  an  electric  current,  is  repelled  into  regions  of  weaker 
force. 
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A  paramagnetic  unhttsnfifl  En  bu4bia  place-  it-self  sknuj  the  lines  of 

I  it  Li  attracted  by  either  pole  of  o  magnet 
Willi  the.se  we  may  compare  a  sphere  of  an  already  magnetised 
in--,  whi.-li  is  attracted  by  the  one  pole  of  a  inagnei  md  may  be  re- 
pelled  by   the   other,  it  nliuice    uf   its    D  <  r  i  ■  1  It  i»  m    due    t" 
induction  <lo  not  (mnpovtr  the  already  existing  IllgnitltT  distribution. 

Limit  of  Magnetisation. — The  intensity  of  induced  mag- 
netism increases  with  the  intensity  of  the  magnetic  field,  and 
varies  with  that  intensity  ;  but,  in  the  case  of  iron,  within  certain 
limits  only.  As  the  intensity  of  the  magnetic  field  rises,  tli. 
induced  magnetism  of  BOft  iron  verges  towards  a  limit.  This 
would  appear  to  favoni    that   theory  of  induction,  which  regards 

tin*  magnetisation  of  induced  iron  not  u  created,  but  as  directed 

by  tin;  forces  within  tin:  field.      According  to  this  theory  i' Weber's), 
the  molecule  n  are  already  little  magnets,  hut  their  direc- 

tions are  promiscuously  discrepant      When   they  eome  into  a 
magnetic  field  they  are  directed  so  as  to  lie  with  their  axes  p 
allel   to    lines   of   force,  ami    the   wb  |    of  iron    thereupon 

becomes  obviously  magnetta     In  diamagnets  there  is  some  reason 
for  belie  bat  the  particles  are    magnetised  th  novo  in  the 

magnetic  field;   but  the  purticle-niagnets  thus  produced  are  feeble, 
and  then  Btre&gth  does  not  tend  to  a  limit. 

Tin  Professor  Hoghee  (3Wm>   Boy.  See.,  London,  1881) 

have   farOQ^hl    to   liyht   many   eurioii-,   la<-ts   wlneh  tend   to  show  that  %  bar 
of  fan  when  iiia.;ii'  ri-«-<i,  of  .reii  when  currents  pftl  b  it,  sutler*  re- 

arrangement of  it-  :  .  ».r  eras  an  alteration  in  their  ring)*     AoPDXftiaS 

to  him,  the  neutral  state  b  eluinn  y-.*ymuietrical  arrange  - 

ment  in  win.  li    ill  the  little  magnet*  sat  i-t\  their  mutual  attraction*.     When 

■defected  to  Induction  the  parftielee  rotate  into  their  «!ii.  bob  with 

•  una] mi  itive  ease  if  tlie  induced  iron  be  struck  or  vibmtad  01  twill 
ths  eo-eatt  in  toroe  la  to  be  attributed  to  molecular  rigidity. 

When  .ui  inui  bsf  i«  magnetised  there  SMSH  to  be  an  actual  fewiftt  set  uj. 

in  it. 

M  i   usually  made  by  exposing  steel  for  some  tim. 

the  intluence  of  an  existing  magnetic  field  ;   as  by  rubbing  bent* 

traigbt  bars  from  centie  to  ends  with  the  opposilt  poles  of 
bar-magnets  M   by  leaving   them  in  contact  by  their  extremit 
with  the  Opposite  poles  of  a  strong  bone-shoe  magnet  or  electro- 
magnet. 

A  ring  of  ste.  y  be  magnetised  by  slowly  i  near  one 

poll  up   to  aii'l  th.n  av 

the  inducing  n\.  l-tioati'.i,  of  ■eCQBdffJ  jKiles. 

Magnets  can  also  be  produced  hy  an  electric  current.     A 

simple  bar-magnet,  as  we  en,  tends  to  lie  across  a  current. 
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its  positive  pole  to  the  left,  its  negative  to  the  right  of  the  cur- 
I'Mi.      If  a  bar  of  soft  iron  he  placed  along  the  lines  of  force 

within  an  Electromagnetic  Field, 


Fi<?.247 


n  it  becomes  a  temporary  magnet ; 
—     there  is  a  kind  of  separation  of 


magnetisms;  the  left-hand  end 
of  the  bar  becomes  magnetically 
positive,  the  right-hand  and 
negative.  If  the  current  be 
wound  round  the  bar,  so  that 
every  part  of  the  current  exerts 
a  similar  action  upon  the  bar, 
the  bar  becomes  strongly  mag- 
netic, and  is  then  called  an 
Electromagnet. 

If  it  be  of  soft  iron  it  loses 
'»  r  this    property   the   instant    the 

current  ceases  ;  but  if  it  be  of  steel,  and  if  the  current  be  powerful 
and  continued  for  some  time,  it  becomes  a  permanent  magnet. 
Elias  made  steel  magnets  by  passing  steel  bars  through  the  Bin 
of  a  short  spiral  of  about  twenty  turns,  bearing  a  powerful  current , 
sometimes  even  one  pass  was  sufficient  to  saturate  the  steeL 

I  [fat  ami  extreme  cold  alike  enfeeble  magnets  of  iron  and  of  nil 
cobalt,  iron,  and  steel   become  more  susceptible  to  magnetic  induction 
they  are  slightly  warmed.      A   niekfel   magnet  loses  its  magnetic   pot 
635°  C  ;  a  steel  magnet  at  a  slightly  Wgh'  I  temperature  ;  colvdt  at  il 

dire  of  melting  copper; 

When  :tn   iron   or  oofctlt  bar   is   magnetised   ii .  i-  nger  and  ■ 

what  men  dander,  bat  does  not  ippncdably  alter  in  vo!nme  ;  it  also  emit* 
a  slight  sound,  a  "magnetic  tick.'*  A  nickel  or  a  steel  DOT  shortens  and 
thickens. 

Magnetisation  induced  .-r  residua]  in  a  win  is  diminished  <>n  stretching, 
provided  that  the  magnetisation  corresponds  I"  BO  inducing  force  above  a 
:  critical  value  known  as  Villari's  Critical  Value;  this  bt&ttj 
(Sir  Wm.  Thomson)  about  24  times  the  terrestrial  intensity.  Below  thai 
•  ritical  value  tension  increases  the  magnetisation  of  a  magnetised  witv.  TV 
effects  of  transverse  expansive  stress  are  opposed  to  those  of  longitudinal 
stretching. 

Energy  is  absorbed  during  magnetisation,  and  if  an 
magnet   be  made  and   unmade   in  frequent  quick  succession, 
becomes  hot;  the  energy  is  derived  from  that  of  the  intermittent 
inducing  current 

If  the  indui ed  magnetism  of  iron  be  due  to  the  directive  action  of  the 
magnetic  field,  tli.   residua]  magnetism  of  iteel  may  perhnps  Ik?  due  to  a  sort 
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of  imperfect  elasticity  of  the  medium  surrounding  the  particles  ;  tin-  particles 
are  wrenclu-d  into  definite  directions,  and  retain  these  as  a  permanent  set,  or 
very  slowly  xeassumc  their  discrepancy  of  direction  (Maxwell). 

If  we  dissolve  away  the  outer  skin  of  a  steel  mayn't  l\  meUM  of  acid,  we 
find  (Jamin)  that  the  n  niiiii.hr  hasavtry  small  intensity  QfmagMtSaitSoD.  Per- 
haps tin-  OUtU  shell  is  tlie  hardest  jmrt«»f  the  magnet  and  fagfl  the  greatest  amount 
Of  the  so-called  coeiritiw  EsiCO,  DM  hast  afflOl  sti.  ity  of  tlu-  medium. 

Astatic  Arrangements. — A  DOtdlc  t.-nd-  t«>  point  to  the  magnetic 
north  ;  hut  it  is  often  desirable  to  mask  the-  lotion  »»f  the  earth  Ism, 

in  order  |o  increase  the  ratio  of  tin-  DOBUDl  of  any  dflfll ■ 'ting  magnet  to  the 
etFe<;tive  terrestrial  inti-n.-rly,  and  :ln  r.h\  \<>  inae&M  the  sensitiveness  of 
galvanometers.  This  may  roughly  be  effected  by  bringing  another  magnet 
<.f  oppOHltB  etfect  into  the  neighbourhood,  BO  as  nearly  to  neutral 
direct  i\e  fbffOO;  or  again  bj  Coupling  together  on  tlie  sum-  suspending  thread 
two  equal  magnets  with  their  J* ties  opposed.  In  the  latter  an  the  earth 
tends  to  direct  the  two  magnet*  in  opposite  senses,  and  if  the  two  magnets 
were  equal  and  their  axes  parallel,  the  joint  system  would  be  practically 
unaffected  by  the  earth's  directive  action. 

It   i  •>  enclose  a  single  needle  in  a  shell  of  very  soft  iron, 

.'.111  in  Thomson's  marine  galvanometer.     This  6hell,  within  the  wrl 
magnetic  field,  bo  Offlei  magnetic.      The 
needle  is  now  under  the  inducing  action 
of  tWO  BUg  irth  and  the.  induced 

-hell.  The  actions  of  these  are  opposed, 
and  if  the  shell  be  thick  enough  ore 
approximately  equal  :  the  earth's  mag- 
tield  is  thus  nearly  destroyed  within 
hell,  and  tlie  magnet  is  free  to  obey 
the   ■'  impulse,  of   any   current 

which  may  be  sent  round  it.     Such  a 
►hell    acts   as   a    Magnetic   Screen; 
and  such  a  screen,   efficient  as  a  pro-  E*fth  + 
tection    from   the  Influence  of    an    externa]   magnet,  may  be  a  sphere,  an 
infinite  ..r  very  large  plane,  OX  an  eqoipotentia]  surfax-  rm. 

Tin-  general  problem  of  magnetic  induction  is  a  problem  of 
potential  end  Unas  of  force,  in  which  the  body  acted  upon  consists  of  per- 
fectly-conducting molecules  th rough  an  absolutely  non-condue- 
medium.  This  kind  of  prohh n  in  v.  .1  vex  difficulties  of  calculation,  hut  is  of 
the  some  nature  as  thai  In.ti.in  thr-'Mgh  B  hetefOgBaGOUB 
dielectric,  or  that  of  conduction  of  heat  or  of  electricity  through  a  heterogene- 
ous conductor,  or  that  of  the  flow  of  a  frictionless  Incompre 
aheterog<;Ti'-nii.- pi  .                 ;  ial-    A  given  Bmoud  of 'farm  ■  ithin  tlie  magnetic 

'  produces  a  certain  amount  of  b<  <   &  magDfltiBma  and  a  corresponding 

ity  of  magnetic  distribution  ;  this  may  be  regarded  as  an  arrested  Hww, 

accumulation,  which  is  proportional  to  the  continuous  tlow  which  is  dealt 
with  in  problems  of  conduction  :  and  the  nature  of  the  substance  acted  Of 
hrin  bfl  calculation  a  term,  the  Coefficient  of  Magnetic  Induction,  /x, 

which  resembles  the  permeability  of  bodies  to  fluid.*,  OX  tlie  ip 
capacity  of  electrostatic,  dielec tries. 

Aa  to  the  nature  of  magnetism,   Ampere's  theory  is  that 
every  molecule  of  a  magnetic  substance  is  the  seat  of  a  separate 
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current,  circulating  round  it  in  a  plane  at  ri^lit  angles  to  the 
magnetic  axis.  This  explanation  meets  most  of  the  facts  with 
great  readiness  ;  but  in  view  of  the  doctrine  of  the  Conservation 
of  Energy  we  must  postulate  the  entire  absence  of  resistance  to 
these  molecular  currents — a  circumstance  of  which  it  is  somewhat 
difficult  bo  form  a  clear  conception. 

When  all  the  molecules  of  a  substance  have  their  currents 
running  in  the  same  direction,  and  when  all  these  currents  are 
equal,  the  substance  is  uniformly  magnet- 
ised, and  in  the  interior  any  two  contigu- 
ous molecules  (Fig.  249)  have  currents  in 
opposed  directions  whose  effect  on  exteriur 
parti  7.     The  rasult  of  the  whole  is 

equivalent  to  a  superficial  sheet  of  electric 
runout,  tin:  action  of  which  may  be  approximately  reduci-d  1>. 
kind  of  centre-of-gravity  problem  to  the  action  of  two  Poles. 

As  to  the  direction  of  the  currents  within  a  magnet:  a 
person  standing  on  the  Arctic  Pole  of  the  earth  would,  if  those 
'•uirents  to  which  the  earth's  magnetism  is  supposed  to  be  due 
were  visible  to  him,  see  them,  or  rather  their  resultant,  the  cur- 
rent-sheet, travelling  over  the  surface,  circulating  round  him  from 
east  to  west ;  those  in  front  of  him  woidd  therefore  travel  towards 
his  right  hand.  The  observer  there  situated  would  be  at  the 
negative  end  of  the  earth;  the  Positive  pole  is  its  Southern  pole — 
that  pole,  namely,  from  which  the  positive  or  north -seeking  end 
of  the  compass-needle  is  driven.  An  observer  stationed  at  the 
|«>-iiive  or  southern  pole  of  the  earth,  the  Antarctic  Pole,  would 
therefore  see  these  currents  pass  round  him,  still  from  east 
west,  hut  apparently  towards  his  left.  These  currents  within  a 
magnet  are  known  as  Ampere-currents. 

Dimensions  of  Magnetic  Measures. — Quan  tity  of  magnetism,  m : 
focoe  =  mm  4-  distance*  ;  whence,  just  a    m  the  case  <>i  electric  quantity,  p. 
the  dimensions  of  magnetic  quantity  arc  [m]  =  [MIL?  T|. 

Strength  01  Intensity  of  Field,  S  :  mechanical  force  a-ting  on  unit 
quantity  of  magnctiam  ;  this  force  ia  {(«»  x  unity)  -=-  distance1}  ;  ils  dinnn- 
sions  are  [S]  =  [MILJ/T]  +  [L*]  =  [M./HT]. 

Magnetic    Moment,   ml:   a   magnetic  quantity  x  a   length;    [m 
TJ. 

Intensity  "f  Magnetisation,  I:  magnetic  moment  per  unit  of  volume; 
[1]  -  [MlLi/T]  ^[L*]      \m  LIT]. 

Magnetic  Potential  :  work  <lone  in  moving  a  quantity  i 
Hi   dimes  those  of  ('Work  done)  -r  (Quantity  vi   moved)  ;    [V] 

[Worft/m]  -  [ML    T  |  -r  [M1IJ/T]  =  [MILLT|;    the   .-ame    dimetisi. ttfl    m 
those  of  electric  potential,  electrostatically  measured. 
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Whoa  a  oloeed  current-bearing  circuit  is  placed  with  its  posi- 
tive farr  (]».  'i  17)  facing  :i  uetic-pole,  there  is  mutual 

repulsion,  for  the  potential  energy  of  the  lysteni   bends  to  i 
minimum.     The  pole  ia  repelled  along  the  lines  of  force  v 
trend  positively  from  the  positue   Kane  Of  the   circuit;   the   pole 

therefore  tends  fco  travel  repeatedly  through  tie-  cixenit  along  the 
closed  lines  of  force.  The  potential  energy  of  the  system  B  thus 
found  to  have  no  fixed  value,  but  to  depend  upon  the  number  of 
times  the  pole  passes  through  the  circuit  This  apparently 
anomalous  result  is  due  to  the  continuous  supply  of  enetv 
the  current  itself. 

If  the  current  be  brought  nearer  to  the  magnetic-pole,  then. 
since  work  must  be  done  in  order  to  bring  about  this  approach  in 
the  face  of  mutual  repulsion,  the  potentiul  energy  of  the  system  is 
increased  by  a  fixed  amount:  a  portion  of  this  energy  takes  the 
form  of  ■  temporal?  increase  of  the  current  in  the  closed  circuit; 
while    the    remainder   may,   by   induction,  produce   an   increased 

condition  in  the  mag 

Now,  replace  ii"-  in Ignet  by  an  equivalent  closed  circuit 
("circuit  B"),  the  positive  aspect  of  which  faces  tin*  po 
aspect  of  the  original  closed  circuit  (••circuit  A").  These  two 
circuits,  again,  repel  one  anothaa  :  and  if  work  be  done  in  En 
them  together,  the  energy  appeals  in  the  form  of  a  temporary 
ise  in  the  intensities  of  both  nirieiit-.  and  is  presently  con- 
verted into  heat  in  the  circuit-. 

Conversely,   when    tbe   magnet   or   the  equivalent   eireui' 
withdrawn,  there  is  a  corresponding   temporary  diminution  in  the 
correspond i n g  current-intensities,  and  possibly  in  ti 
ing  magnet-strength. 

These  increases   and   diminutions    in    current -intensities 
equivalent  to   the   India  ti<>n  of  New  OlUUKlta.      The  durai 
these  new  induced  currents  is  limited  to  the  that  Spent  in  chang- 
ing   the    relative  positions  of  the  mutually-iii*  j  D      BfltB  or 
run 
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In  the  case  of  two  circuit'?  let  the  original  intensity  in  one  of 
the  circuits  be  vanishingly  small,  approximately  but  not  perfectly 
zero.  This  is  the  condition  of  most  conductors  in  what  we  would 
call  au  undisturbed  state ;  it  is  very  improbable  that  the  current 
within  any  conductor  is  ever  absolutely  nil.  The  result  tfl  that 
if  a  circuit  bearing  a  current  be  brought  towards  a  circuit  capable 
of  bearing  a  current,  and  if  the  former,  the  inducing  current,  hav- 
its  positive  face  turned  towards  the  circuit  approached,  there  will 
be  two  effects  produced :  ( 1 )  au  increase  in  the  intensity  of  the 
inducing  current,  and  (2)  a  new  current  developed  by  induction 
in  the  circuit  approached,  which  had  previously  appeared  to  bear 
no  current.  This  current  has  its  positive  face  turned  towards  the 
approaching  positive  face  of  the  inducing  current,  and  is  therefore 
opposed  to  it  in  its  direction. 

If  two  wires  be  laid  alongside  one  another  (Fig.  250),  and  if 
one  of  these  wires  be  connected  with  the  two  poles  of  a  battery, 

and  thus  form  part  of  B  1'iimarv 
or  Battery  Circuit ;  while  the  other 
wire  is  merely  a  part  of  a  complete 
metallic  circuit,  a  so-called  Secondary 
< -ireuit ;  then  when  contact  is  sud- 
I uly  made  in  the  primary  circuit, 
a  current  of  brief  duration — a  dura- 
tion not  exceeding  in  time  the  v 
able  state  of  the;  primary  current — 
is  produced  in  the  secondary  circuit 
and  is  known  as  the  Secondary 
Current.  The  primary  current  and  the  secondary  current  are,  in 
the  Vires  l;i ill  alongside  one  another,  opposed  in  their  direct 

V  long  as  the  intensity  of  the  primary  current  remains  con- 
stant, the  secondary  circuit  has  in  it  no  current ;  but  any  increase 
is  accompanied  by  a  brief  opposed  secondary  current. 

When  the  primary  current  is  diminished,  the  primary  circuit 
again  presents  a  variable  state ;  and  as  long  as  that  variable  state 
lasts  there  is  again  a  current  in  the  secondary  circuit,  which  is  on 
this  occasion  in  the  same  direction  as  the  waning  primary  current. 
When  the  primary  current  stops,  there  is  a  very  abrupt  secondary 
current,  parallel  to  the  ceasing  current. 

These  secondary  currents  represent  a  definite  amount  of  energy 
subtracted  from  the  energy  of  the  primary  current, — an  amount 
which  depends  only  on  the  initial  and  final  states  or  intensities 
of  that  current     Being  of  extremely  short  duration,  they  are  of 
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Correspondingly  gT*6t  intensity.  The  secondary  current  produced 
on  breaking  the  primary  current  is  briefer,  and  therefore  more 
Q]t6nS6  than  that  produced  OH  making  it. 

These  statements  may  he  generalised  by  saying  that  when 
a  closed  circuit,  Capable  <-I  hearing  an  electric  current,  lies  win 
or  in  part  in  a  Magnetic  or  Electromagnetic  Field  of  Force,  any 
jirbance  in  the  Intensity  of  the  Field  of  Force  will  induce  a 
Current  in  the  circuit  :  and  the  direction  of  the  induced  current 
is  determined  by  the  rule  (Lenz's  Law)  that  the  new  current 
will  increase  the  already -existing  resistances,  or  develop  new 
resistance  to  that  disturbance  of  the  field  which  is  the  cause  of 
induction. 

A  telephone  circuit  passing  through  a  disturbed  field  of  force  will  pick 
up  signals  :  for  example,  at  every  lightning  flash  tin-  bufennunt  fci  heard  l" 
roar,  and  in  OJ  I  m  b  sflbeti  of  induction  no  part  of  the  cm 

is  entrust. ><1  to  earth,  but  the  double  wire  necessary  round  itself  so 

as  to  form  a  strand  composed  of  two  insulated  wires.  The  effect  of  induction 
on  one  wire  ia  then  equal  to  the  opposite  effect  of  imluction  on  the  other 
win-.  During  Lliuu«lii>tniiiM  military  mllHI  fh—  have  been  known  to 
explode  through  induct  inn  in  ihe  wiivs  eontrolling  tli 

We  have  seen  that  a  closed  current,  A,  whose  positive  aspect  faces  a 
positive  magnetic  pott  or  face  of  a  0  I   or   equivalenl    all 

•nt,  B,  sends  towards  tin-  latl  vithin  its  o  our,  a  number 

of  positive  lines  of  force  or  of  induction,  which  radiate  from  its  positive  face. 
If  we  change  the  standpoint  and  regard  the  current  first  mentioned — a  current 
borne  by  circuit  A — as  placed  within  the  magnetic  field  of  the  shell  «.r  the 
electromagnetic  field  of  the  equivalent  ,  then  the  positive  lines   p 

ceediug  from  irds  the  circuit  A,  negative,  for  they  t 

not  from  but  towards  its  positive  aspect. 

Circuit  A,  as  we   I  .  tends  to  move  by  translation  to  a  greater 

distance  from  circuit  B.      It  will  also  tend  to  rotate  until  its  negative  a 
faces  the  positive  side  of  B;  it  is  then  attracted  towards  B. 

In  the  former  case,  as  A  moves  away,  the  number  of  negative  lines 
which  pass  within  its  OOUftOOT  diminishes.  In  the  latter  case — that  of  rota- 
tion— A  tends,  as  it  turns,  first  to  set  itself  e6*gn-00  to  B'a  lines  of  induction. 
and  then  "  i  pliee  ttMlf  (its  negative  face  opposite  to  B'a  positive  face)  that 
the  lin.s  nt  Induction  which  emerge  from  B  positively  also  emerge  from  A'h 
positi  with  respect  to  A. 

In  either  of  these  cases,  translation  or  rotat    -u,  lie   number  of  negl 
lines  embused  bj  the  contour  of  A  is  diminished  as  far  as  possible,  or  the 
umbel  of  positive  lines  attains  a  maximum. 

A  little  movable  circuit  may  be  made — De  hi  Rive's  floating  batter}* — 
by  thrusting  I  strip  of  copper  and  a  strip  of   |fa|0   through  |  cork,  and  DOB- 

ilwiri  by  an  arch  of  copper  wire  :  when  the  whole  Is  Hotted  in  ■  I 
the  arch  tends  to  lay  itself  at  right  angle*  to  the  magnetic  meridian,  eoopejt 
to  the  west,  zinc  to  the  east ;  in  this  position  the  positive  face  of  the  arch  is 
i    rth,  and  the  magnetic  lines  of  force  or  induction  which  trend  towards 
tike  north  are  embraced  by  the  arch  in  the  greatest  possible  number. 

The  general  statement  of  the  pfceBOttenon  H  I     A  m 


G38 


ELECTHICITY  AND  MAGNETISM. 


so  to  plan  itself  If  to  have  M  fou  negative  or  as  many  pontic  lines  of 
Induction  peering  through  itaa  po  positive  line  being  held  to  pass 

0  |gh  a  circuit  v  hr.n,  lit K    p;i.-siug    through,  It    emerges    from    the  positive 

•     "ji  :  a  line  pasaing  through  being  held  to  bt  nei  i: 
wh< :  lion  b  towards  the  positive  (ace,     Tha  thus  assumed 

is  the  position  of  least  potential  energy^  that  into  i  whole  system 

t.-nds,  M  it  were,  10  sink.      A  circuit  in  this  position  of  leasl  potential  energy 

embnoes  ts  gleet  a  number  as  poeafhle  of  positive  lines  of  induct  i 
Mutual  Attraction  and  Repulsion  of  Currenta — Suji 
rents  in  the  pan  of  the  paper,  similar  in  their  directions  and  having  in 
eona  a,  as  in  Fig.  249.     Let 

tlieir  directions  be  the  same  as  those  of  the  two  currents  in  that  figure.     The 
left-hand  current  in  that  Bgure  baa  tinea  of  mdnotion  which  ascend  from  the 
plane  of  the  paper  and  descend  ttaougn  the  contour  of  the  right-hand  «:ir 
meeting  its  aaecndrrifi  linen     These  descending  lines  are  therefore  negative  to 
the  right-hand  circuit,  and  that  circuit  tends  to  move  away  so  as  to  embrace 
■  w  of  them  as  possible.     The  portions  of  the  currents  which  are  nei 
mother,  naming  i";  oppe  its  directions,  thus  seem  to  repel  one  another, 
in  which  downward  lines  meet   upward  lines  is  thus  diminished  as 
far  h  paaaQda,  and  this  snaiblaa  oi  noa  bo  understand  the  propositions  illu-- 

trated  la  Fi-.  B86,  'SA7. 

If  a  circuit  end md ng  the  gi  able  number  of  positive  Linhf  of 

induction,  and  therefore  ooenpyin  :  tin    i  i  -iii.'i'  .  be 

pulled  or  turned  into  any  other  poaitloa]  work  must  be 
this  work  iedons  Bgalnsi  luutiidi  attractions.    This  doing  of  work  la  associated 
with  diminution  oi  the  mimhei  of  poeUive  tines  of  Induction  embraced  by  the 

dt      As  the  circuit   movefi   in  the  field,  lines  of  induction  most 
DA    cut    tin     iji    bj   it.      All    euttil       through   lines  Of  induction,  when 

number  of  lines  wwloatd  by  the  circuit  Is  diminished  by  the  operation,  is 
effected  by  the  expenditure  of  work.    The  process  attain*  its  maximum  when 

tie-    movable    ■  iivuit    bl  WUfig  round    through    180°.      If  it   be  still 

farther    r  0Omm  to  enclose  fewer  negative   linos,  then 

number  of  positive  lines,  until    it  regains  its  original  position.     At   i 
moment  the  whole  eocouut  shows  that  the  energy  spent  upon  tfa  i  has 

been  eaual  to  that  given  up  by  it,  and  there  is,  on  the  whole,  no  work  done 
either  by  or  Upon  the  system. 

The  work  done  tikes  the  form  of  the  energy  of  induced  currenta,  v 
always  increase  the  resistance  to  the  actual  n  if  A  and  B  r 

another,  their   intensities  are  increased  when   tiny  are   urged    together, 
diminished  when  they  are  drawn  asunder  ;  if  th>  .  one  anothei    these 

actions  are  reversed.     This  in  !■■••!  wise  expressed  h\  > at  when 

a  circuit  is  made  to  enclose  a  greater  number  of  negative  Lines  of  in 

smaller  number  of  positive   Lines,  il  i>(        increased  in  intensi 

or  a  new  Induced  current  act  up  in  it  ;  while  if  it  be  made  .-«  « 

smaller  number  of  nog  a  greater   number  of   positive   lines, 

intensity  of  its  current  is  diminished,  or  a  new  reverse  current  is  set   up  in 
it.      The  result  is  the  same  whether  it  move  si.  a*  to  enclose  more   or   fewer 
in  an  exUting  magnetic   field,  <.i   whether  tl  sail  vary 

so  that  it-  Irii-  fewer,  or  become  more  numerous 

roach  one  another    a  smaller  oi  'number  of  them  consequa 

passing  through  the  given  circuit. 

If  a  pari  tit  of  total  resistance  11  lie  movable  in  a  magnetic  field 
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pf  intensity  N  it  will  cut  through  all  the  lines  in  a  certain  area  A  in  the 
comae  of  time  t;  it  will  therefore  cut  thTOUgO  AN/f  linn  «>f  induction 
second.  Tlie  OMtO  E.M.D.P.  nt  op  h  firstly,  such,  tint  if  tli>-  motobll  part 
of  the  circuit  JimuiW  the  area  of  the  cin  nit  U  it  moves  in  tl 
magnetic  field,  the  current  will  run  in  the  circuit  (which  is  Buppo*cd  bo  bfl 
set  in  a  plane  at  right  angles  to  the  magnetic  meridian)  in  I  direction  which 
seems  from  the  standpoint ,  of  n  dbtomc  itrtJOOOd  to  the  south  t-'  bt  tbfl 
same  as  that  of  the  hands  of  a  watch  :  and,  secondly,  it  is  proportional  to 
AN/t.  In  Electromagnetic  measure,  tin  units  are  so  adjusted 
M.D.P.  is  equal  to-AN/f.  Tlie  mean  Ii.t  ■  n>ih  is,  thin, 
AN  Bl  i"  i  lictromagnetic  measure,  and  log  is  AN/R. 

When  ■  block  of  OOppei  If  whirled  within  I  magnetic    field,  ninvnts  are 
set  up   in    it,  which    ptodOOt  mfftfffll  .  D  of   tl"' 

block   very   rapidly   ceases,  as  if  tlie   magnetic  Bald    WHO   highly   vbos 
ml  the  block  becomes  hot.     When  ■  oiagDOfenasdlc  is  mspended  bom 
atolv  alu..  r,  r    plate,  any  «*nll:ition  in  the    IDOgDOl    itfolopt  OQBI 

in  the  eopper,  anil  the  OMgDflt  llmOOt  immediately  COmm  to  rest. 

Self-induction. — A  Current  suddenly  formed  in  ■  spiral  win- 
is  retarded  by  the  mutual  action  of  the  different  coils;  it  does 
not  flow  on,  and  its  intensity  is  tendered  less  than  it  would  have 
loon  in  a  straight  win; \  when  suddenly  broken  it  is  prolong 
and  is  as  it  were  piled  up.  BO  that  the  so-called  Extra-Current 
can  force  its  way  through  greater  resistances  than  a  steady 
current  can.  In  feet,  a  single  Daniell  cell  can  be  made  to  de- 
composo  meter  by  delivering:  a  part  of  the  energy  of    its   eurront, 

at  high  potential  in  the  form  of  the  so-called  Bxto-onxnnt 
Xbeu    phenomena  closely   remind    Qfl   of  the   phenomena  of 

momentum  in  fl  water-pipe,  already  discussed  under  the  Hydraulic 
\ln  they  can  be  explained  ils  phenomena  of  momentum  of 

the  ether  in  the  electromagnetic  field. 

If  the  currant, thai  suddenly  made  and  broken, be  a  secondary 

current,  its   intensity  is  greatly  increased,  and  it  is  rendered  able 
to  make  a  longer  spark,  by  being  tent  through  a  spin]  wire. 

Two  vires  bearing  currents  in  opposite  direction*,  and  twi 
round  one  another,  present  no  phenomena  of  self-induct  inn  ;  for 
Which    reason    the    WITH    loading    to    and    from    a     -alvauon 

lid  be  twitted  together,  for  some  distance  from  the  needle. 

Coefficient  of  Mutual  Induotion  of  two  Currents. — The  I 
tDBoonding  •  pes  ofcirauti  «-f  intao  od  L  must  posae*- 

which  Clerk  Harwell  li .-.  shown  to  '  •<  m plana  and  products 

«>f  the  int.n-itk-s,  and  Whkit  v.  ntli-n  tli  -j  , 

The  second  term  vanishes  wl  a  intinit 

fr«'in  DOC  mother  ;   it  i<  at  ;  D  lli-1  tWO  circuit*  t 

its  greatest  theoretical  wlu-n  they  tbaoli 
mediat*  poinfi  it  has  intenncdiat-  It   on  bt  Bbowo  that  Mm#j  is  in 

any  given  partition  of  A  and  B  numerically  equal  (1)  t"  tie-  Mutual  !'•  tential 
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Km •!■;_'>  "f  the  two  circuits  ami  (2)  to  the  Number  of  Lines  of  Induction 
which,  being  due  to  A,  pass  from  A  through  B  or,  equally,  luing  due  to  B, 
pass  from  B  through  A;  and  M  is  styled  the  Coefficient  of  Mutual 
I  ml  action.     M  varies  with  the  relative  position  of  the  two  circuits. 

Tim  maximum  value  of  M  is  its  value  when  the  two  current*  are  made 
to  run  in  the  same  circuit  ;  let  this  be  called  M_.     The  number  of  lines  due 
to  it  and  the  number  due  to  iti  are  to  be  added  together  for  the  conjoi 
current  (*,  +  »„);   for  they  all  pass  through  the  same  circuit;  hence   tin- 
number  actually  threading  the  circuit  will  I  .In  this  case  M^t,,  is 

equal  to  the  part  of  the  energy  of  the  field  which  a  'lu<-  to  the  approximation 
of  the  currents  f,  and  I u  from  BO  infinite  distance  and  their  coincidence  j  and 
Mo  is  equal,  numerically,  to  half  the  numl>er  of  lines  of  induction  which 
pass  through  the  circuit  itself  when  i  and  it  UN  both  unity,  that  is,  when 
the  conjoined  current  has  an  intensity  =»  2. 

Coefficient  of  Self-induction. — We  next  see  that  M.-L.     h 
intensify  of  the  second  current  i   be  0,  the  energy  of  the  field  is  |Li,2  only. 
A  second  current  of  the  same  intensity  in  a  circuit  of  the  aanie  ,  at 

BO  infinite  flietamw  will  have  energy  also  equal  to  $Li*.  Together  th.- 
v  will  be  U ,-'.  Now  fading  the  two  onrranla  togeuiai  and  blend  khem  ; 
the  enei-gy  is  .^L(2tj)2  =  2  Li,2.  The  system  possesses  energy  equal  to  Li*, 
due  to  the  approximation  ;  but  this  b  also  M/",2  if  both  current*  be  equal  t> 
i;  whence  LbU(.  L  is  the  Coefficient  of  Self-induction;  and  the  co- 
efficient of  self-induction  of  a  circuit  is  «-qual,  numerically,  to  the  nombi  I 
Unei  of  induction  which  thread  that  ■■•oil  when  U  bean  a  current  whose 
Intensity  i-  unity  in  electromagnetic  measure. 

If  the  en-'igy  of  a  current  tUvaming  a  nnglfl  circuit  be  derived  from  any 
external  source,  such  as  a  battery,  which    i*  Independent  of  il  *h»- 

y  BOpplied  from  that  source  during  a  very  short  time  &t  will  be  equal 
to  Ei.oV,  where   K   is  the  E.M.D.P.  and  %  :'  it-intensity.     (All  our 

measurements  in  these  paragraphs  are  supposed  to  be  made  in  electro- 
magnetic measures.)     This  energy  ia  divided  into  three  parts. 

(I.)  Heat  in  the  circuit.    This  i.s  equal  to  Ri*.&,  where  U  ifl  the  re 

(2.)  External  work,  mechanical,  chemical  or  other.     This  we  shall 
pose  =  0. 

(3.)  Work  spent  in  imparting  energy  to  the  electromagnetic  field, 
is  equal  to  \L  {(*  +  &*)*-  f-J  ,  where  ot  is  the  small  change  in  the  inten: 
produced  during  the  time  &. 

We  thna  have  the  equation 

Et.A  =  llit.St  +  iL  {(i  +  Si?  -  i*}  ; 
an  equation  which  em  be  dealt  with  by  integration,  the  effect  being  that  we 
find  the  i  it  any  time  t  after  the  introduction  of  a  new  E.M.D.P.  =  E 

into  tin-  I  ihilit,  to  Ik: 

i<-  5  -  g  (2-718281  ) 

The  intensity  never  comes  fully  up  to  the  value  Eli  ;  but  it  approaches  il 
indefinitely  nearly  as  the  time  /  increases.      If,  however,  th  ient  L  br 

large,  as  it  is  in  a  coil  of  wilBj  the  second  term  on  the  right-hand  side  i> 
immeasurably  small,  and  it  represents  what  is  equivalent  to  a  reverse  current 
taiting  for  an  !<•  time,  and  delaying  the  development  of  a  current  of 

full  intensity  E/R.  Thia  reverse  current  is  called  the  Reverse  Extra- 
Current  or  the   Extra-Current  of  Closure  or  of  Making. 
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When  a  current  ll  Mlflltwilj  broken,  the  intensity  at  a  tifltf  I  after  tho 

current  has  been  broken  ia  +(E/R)  (2*718281  "R' L).     This  indicates  tlint 

there  is  still  an  onflow,  a  Direct  Ex  t  ra- Current  or  Extra-Current 
of  Opening  or  Breaking;  an  onflow  which  results  in  a  high  potent!*] 
at  the  broken  extremity  p.i'  the  win, 

These  extra  currents  are  thus  associated  with  absorpti"i  t*d  by  the 

I  I    tromagnetic  field  while  cm-rents,  !  of  which   [|  'lerived   from 

extraneous  source©,  arc  being  produced  or  increased,  and  with   lilteration  of 

10  by  that  Held  when  such  currents  arc  broken  or  while  they  are  being 
diminished. 

They  may  also  be  looked  at  as  phenomena  of  ln.]iiti<m.  When  tin- 
intensity  of  a  current  ia  increased,  the  circuit  is  nuuh  Ma  more  lines 
of  force  :  if  it  embrace  N  more  lines  of  force  in  time  8t  an  E.M.D.P.  is  set  up 

i  >1   In  electromagnetic  measure  to -N/67.     Where  L  is  the  coefficient  of 

wjlf-indu'  lion  of  a  circuit,   tin    establishment  of  current  i  in  it  causes  the 

Inpineiit  of   hi   lines  of   force  embraced   by  it;    and   this  causes  an 

E.M.L).  1*.  =»  E,  =   -  hi  I  fit  ;  whence  I(,  tin-  mean  intensity  =  -  hi;R.fk  ;  this 

ml;  the  mean  intensity  of  an  induced  current  opjKweil  in  i  n  to 

the  originating  current  When  the  main-current  censes,  the  induced  current 
Wtm  produced  on  the  disappearance  of  lines  of  force  ia  direct,  the  direct 
.  \tr.i<iirnir.. 

The  steady  intensity  i  =  ER  ;  whence  the  new  "  electromotive  force" 
E  =  -  LE/K.&.  Since  &  is  very  small  this  may  greatly  exceed  E;  and  it 
is  greatest  when  the  current  passes  through  conductors  of  a  spiral  form  in 
which  the  value  of  L  is  great,  the  conductor  as  a  whole  gathering  iimuy  lines 
«.f  force  into  its  own  axis.  The  extra-current  may  thus  be  able  to  spark 
across  striking  lieyonri  the  power  of  the  main-euro 

The  .[uaiititv  of  electricity  in  the  extra-current  ■  in  each  case  Q=I/.67 
-EL  K  . 

Induction  Coils. — The  effect  uf  ituluction  is  multiplied  when 
the  two  wires,  that   of  the   primary   uii'l   that  of  the  secondary 
circuit,  though   kept   insulated  from  one  another,  are  wound  to- 
gether   round   the   same   axis.      The    secondary   current    is    then 
proportional  in  iUs  intensity  to  the  product  of  the  number  of  turns 
in  the  two  wires,  provided  that  the  resistances  introduced  by 
multiplying  the  coils,  or  the  differences  between  the   mutual  dis- 
tances ..f  the  different  turns,  be  not  too  considerable,      in  Induc- 
tion (oils  the  wires  of  the  two  circuits  are  wound  round  separate 
bobbins,  which  are  then  slipped  the  one  over  the  other  to  a  greei 
or    less   extent.      On  this   extent  depends   the   intensity   of    | 
secondary  current.     The  primary  current  is   made  and  brol. 
with  gft  ii-  v  by  means  of  a  Contact-breaker. 

Thi-  may  I"'  B  mere  mechanical  contrivance,  be  auton 

In  the  l>;  I  bar  of  soft  ben  in  the  axis  of  the  ium :i , 

primary,  bobbin.      Wh.-n  the  primary  current  ]  wuwea,  this  bar  or  core  become* 

an  electromagnet.     Thi-  D kflMl  pnBl  towtrdl  i *  —-It"  u  ■•,  a 

mass  of  soft  tan,  which  b  arranged  near  <>ue  of  it*  ex:  .  this  mass  of 
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K>ft  iron  is  an  integral  part  of  the  circuit  of  the  primary  current,  and  by  it* 
movement  the  primary  current  is  broken.  The  elect R3HU$ne1  DOW  low*  its 
magnetic  condition  ;  it  ceases  to  attract  the  armature  ;  the  latter,  under  the 
pressim  of  t  spring,  returns  to  its  former  position,  and  again  completes  the 
primary  current  ;  ;  magnet  is  again  made,  and  the  armature  again 

displaced.  The  soft  iron  armature  is  thuB  caused  to  oscillate  and  to  impart 
to  the  primary  current  an  intcrniitteiKv,  whose  frequency  depends  upon  the 
intafidtg  of  the  current  and,  mainly,  upon  the  pressure  of  the  spring. 

Magneto -Electric  Machines. — When  a  magnet  is  thrust  u 
the  axis  of  a  bobbin  which  forms  part  of  a  closed  circuit,  there  is 
a  current  produced  in  that  circuit.  The  current  is  opposed  in 
direction  to  the  magnetic  molecular-currents,  the  Ampere-currents, 
of  the  pole  which  ia  introduced  first.  If  a  long  magnet  be  drawn 
wholly  through  such  a  coil,  there  is  at  first  a  current  in  one 
direction  as  the  one  pole  approaches ;  then  as  its  midpoint  passes 
tin-  midpoint  of  the  «:»»il  the  current  is  nil,  but  is  reversed  as  t 
opposite  pole  passes  out  The  current  is  at  first  opposed  to  the 
Ampere-currents  of  the  approaching  pole :  it  is  ultimately  the 
same  in  direction  as  those  of  the  receding  pole ;  and  as  all  parts 
of  a  bar-magnet  are  seen,  when  looked  at  end-on,  to  have  their 
currents  in  the  same  direction  in  space,  the  induced  current 
changes  in  its  direction  as  the  magnet  passes  through. 

This  formation   of  induced   currents,   whenever   there    is   a 
variation  in  the  magnetic  field  surrounding   a  circuit,  wholh 
in   part,    is   utilised    in    the    various    forms   of   Magneto- eh  < 
Machine. 

Pixii's,  the  prototype  of  Clarke's  (the  very  familiar  machine 
used  for  medical  purposes),  consisted  of  a  couple  <if  parallel 
bobbins,  each  of  which  contained  i  sofl  iron  core  and  was  sur- 
rounded by  a  wire  coil.  Opposite  the  two  cores  rotated  the  two 
poles  of  a  horse-shoe  magnet :  each  of  these  poles  glanced  past 
the  end  first  of  the  one  and  then  of  the  other  core  in  swift  alter- 
nation. Each  of  the  cores,  being  of  soft  iron,  became  instantly 
magnetir.  under  the  predominating  induction  of  that  pole  which 
happened  at  any  given  instant  to  be  the  nearer.  The  con 
fore  assumed  in  rapid  alternation  opposite  magnetic  characters, 
and  in  the  coils  surrounding  them  (and  therefore  in  the  circuit  <>{ 
which  both  coils  were  made  to  form  part)  there  ran  a  rapid 
succession  of  currents  of  alternating  direction. 

It  was  found  more  convenient,  as  in  the  common  medical 
apparatus,  to  rotate  the  bobbins   with   their  cores  in  present ' 
the  magnet,  the  principle  being  the  same. 

This  kind  of  machine,  by  multiplication  of  the  magnets  and 
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of  tbe  rotating  COils,  lias  been  made  (Stohrer,  Alliance  machine, 
Lontin,  tie  Meritens,  Holmes,  etc.)  in  very  large  dimqiwfoflWj  and 
can  yield  very  powerful  currents ;  but  the  currents  are  rapidly 
alternating  in  their  direction,  and  they  must  for  some  purposes 
(electrometalluiuy,  transmission  of  power)  be  made  to  travel  iu 
one  direction  by  means  of  a  Commutator — a  contrivance  which, 
by  mechanically  changing  at  each  half-revolution  the  disposition 
of  the  metallic  path  open  to  the  current,  changes  the  direction  of 
each  alternate  current,  and  therefore  renders  the  whole  uniform 
in  direction. 

The  nearer  the  rotating  coil  is  to  the  magnets,  and  the  more 
rapid  the  movement  of  the  coil  through  the  field,  the  more  intense 
are  the  current  !      Si.  meus's  form  of  rotatiug-coil  or 

Inductor  is  devised  so  as  to  combine  these  advantages. 

The  peculiar  form  of  Inductor  found  in  most  Gramme 
machint  >.  and  originally  due  to  1'acinotti,  depends  upon  the 
follow  in-  principles: — 

1.  A  loop  (if  wire  parsed  over  tin*  north  pole  of  a  magnet  has 
in  it,  while  it  approaches  the  centre  of  the  magnet,  currents  op- 
posed to  the  Ampere-currents  of  the  magnet     As  it  recede- 

the  centre  of  the  magnet  it  has  in  it  currents  similar  in  direction 
to  the.  AinpiTt'-currents.  As  it  passes  tbe  midpoint  there  is  no 
current;  that  painl  is  a  neutral   point 

2.  A  ring  of  steel  may  be  permanently,  a  dug  of  soft  iron 
temporarily,  magnetised;  it  is  equivalent  to  two  semicircular 
magnets  whose  north  poles  and  whose  south  poles  respect 
face  one  another.  In  tin-  two  mutually-facing  north  poles,  as  well 
as  in  the  two  similarly-situated  south  poles,  the  currents  must  be 
in  opposite  diroctionfl  in  space.      Such  a  ring-magnet  product 

t  on  particles  at  a  distance 

3.  Let  us  suppose  such  a  ring-magnet  to  be  arranged  in  a 
vertical  plane,  its  BOttb  pok  uppermost:  and  let  us  divide  it  into 
a  right  and  a  left  semicircular  magnet,  each  of  which  has  an  upper 
north  and  ii  lower  south  pole. 

The  accompanying  figuxa  shows,  by  loop-  7,  the  direc- 

tion of  the  Ampere -currents  in  the  magnet  The  dotted  lines 
show  the  directions  of  the  currents  induced  in  a  metallic  ring, 
which  is  slipped  over  the  ring -magnet  in  the  direction  abed. 
When  passing  a  the  loop  U  both  receding  from  r/and  approaching 
a  large  district  of  the  magnet  in  which  the  rotation  is  oppo> 
that  at  d ;  for  both  reasons  its  direction  is  the  same  as  that  of  the 
Amj>ere-curreut  at  d.      When  midway  between  a  and  b  everything 
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is  symmetrical:  the  loop  approaches  as  many  molecules  as  it 
leaves  of  the  same  kind :  the  total  electromotive  effect  is  nil.  As 
the  loop  crosses  from  b  to  c  the  electromotive  effect  is  again  a 


a  a 


maximum,  but  is  of  the  reverse  direction  to  that  observed  within 
the  region  da.  There  are  thus  two  midpoints,  at  which  the 
current  in  the  circulating  loop  is  nil,  and  the  current  is  a  maximum 
in  one  direction  while  the  loop  is  being  slipped  over  the  north 
pole,  a  maximum  in  the  reverse  direction  when  over  the  south 
pole  of  the  ring. 

4.  Replace  the  single  movable  loop  by  a  closed  spiral,  covering 
the  whole  ring.  The  current  in  the  upper  two  quadrants  of  the 
closed  spiral  is  opposed  to  that  in  the  lower  two;  both  currents 
seem  to  be  travelling  towards  one  of  the  neutral  points,  and  away 
from  the  other.  There  is,  therefore,  a  difference  of  potential  be- 
tween the  two  neutral  points  of  the  spiral, — those  points  wliich 
are  situated  midway  between  the  poles  of  the  magnet ;  and  if 
these  neutral  points  be  connected  by  a  wire,  a  current  will  pass 
in  that  wire. 

5.  Instead  of  slipping  the  spiral  over  the  ring-magnet,  slip 
the  ring-magnet  continuously  through  the  spiral  coiL  The  result 
will  be  similar,  but  the  neutral  points  will  rotate  round  the  coil. 

6.  Instead  of  shifting  the  ring-magnet,  let  the  metal  ring  and 
the  wire  wound  round  it  be  immovably  connected,  but  let  the 
magnetism  of  the  magnet  shift  its  position  and  circulate  round 
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the  ring:  the  effect  will  again  be  similar,  but  the  neutral  ]  mints 
will  shift  round  the  spiral,  being  always  00°  from  the  poles  of 
the  rin^-iuagnri. 

7.  If  a  ring  of  very  soft  iron  have  well-insulated  copper  wire 
wound  round  it,  and  be  continuously  whirled  round  its  own  eentral 
axis  1  Kit  ween  the  fixed  poles  of  an  external  magnet  or  of  an 
electromagnet,  it  will  present,  in  the  neighbourhood  of  the  external 
Axed  magnetic  poles,  two  induced  poles,  also  fixed  in  their  posi- 
tion. As  the  soft-iron  ring  rotates,  we  have  a  relative  movement 
of  the  ring  and  of  its  magnetism,  the  converse  of  that  explained 
in  the  preceding  paragraph.  "We  have,  therefore,  in  the  copper- 
wire  coil  two  neutral  points,  always  90°  distant  from  the  posi- 
tions of  the  external  poles ;  and  if  these  be  connected  by  a  wire, 
as  long  as  the  iron  ring  is  rotated,  so  long  will  a  continuous 
current  run  in  that  wire.  The  energy  of  this  current  is  obtained 
from  the  work  done  in  forcing  the  ring  round  through  the  resistant 
magnetic  field. 

Induced  currents,  as  we  know,  last  only  as  long  as  the  vari- 
able state  of  the  field ;  but  with  this  form  of  inductor  the  field  is 
continuously  variable  and  the  induced  current  is  continuous. 

The  current  produced  in  the  spiral  hj  the  poles  of  the  ttfa  mul  magnet 
is,  as  it  passes  them,  the  same  in  m»l  tk-n  as  the  main  current  in  the  spiral 
wire,  so  far  as  regards  tin.-  rfde  ol  the  spiral  next  the  external  poles;  the 
otlu-r  Hule  of  the  spiral,  in  which  a  reversed  current  unil.l  1^-  induced  by  the 
poles,  is  farther  from  tin m,  and  is,  besides,  sheltered  in  great  port  by  the 
mass  of  the  iron  ring. 

The  magnetic  field — the  field  of  the  external  magnet — within 
which  the  coil  rotates  may  be  that  of  a  steel  magnet,  or  it  may 
be  that  of  an  electromagnet  In  the  latter  case  the  electromagii't 
may  be  produce*!  by  an  iudepe:;  ttcrv,  or  by  the  current 

generated  in  a  small  subsidiary  mo„  hine,  as  in 

Wilde's  machine;  and  the  current  produced  by  the  electromagnet 
and  coil  may  be  utilised  not  in  nn  exterior  circuit,  but  in  producing 
a  stili  i  leolromagnet  and  I  mow  in:  I  troinagnetie 

field,  whose  induction,  acting  upon  a  second  rotating  coil,  generates 
the  current  which  traverses  the  exterior  circuit. 

In  the  modem  so-called  Dynamo-electric  machine  the  mag- 
netic field  is  produced  by  a  soft-iron  magnet  which,  when  the 
machine  is  at  i  mi  a  mere  trace  of  magnetisation  or  is 

slightly  magnetised  by  induction  within  the  terrestrial  maguetic 
field.  When  the  coil  is  set  in  rotation  an  extremely  feeble  cur- 
rent is  generated  in  virtu.-  of  tins  feeble  I  a  of  the  soft 
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iron;  this  current  ffl  BOt  permitted  at  once  to  pass  away  through 
the  exterior  circuit,  but  is  sent  round  the  soft-iron  magnet  ami 
increases  its  magnetic  inUnsiiv.  Tin;  soft- in m  magnet,  thus 
strengthened,  reacts  upon  the  intensity  of  the  current  produced 
which  presently  attains  a  high  maximum  ;  this  depends  upon  the 
1  of  rotation. 

Machines  which  bear  no  steel  ma- net,  but  depend  for  their 
initial  action  upon  residual  or  terrestrial  TiiaLjm-ti.sm,  are 
called  dynamo-electric;  those  whose  action  depends  directly 
or  indirectly  upon  the  induction  of  permanent  steel-magnets 
are  called  magneto-electric  machines. 

Dynamo-electric  machines  are  subject  to  the  disadvantage  that 
when  the  resistance  increases  the  intensity  falls,  and  the  strength 
of  the  electromagnet  falls  also;  but  if  the  electro  magnet  be  pro- 
duced by  the  current  of  a  subsidiary  battery  or  machine  this  dis- 
advantage disappears. 

Dynamo -electric  nml  magneto- electric  machines  have  been 
applied  to  the.  purposes  of  electric  lighting,  of  electrolysis — 
in  which  their  utility  is  limited,  for  a  considerable  amount  of 
work  corresponds  only  to  a  small  amount  of  actual  elnm 
decomposition, — to  the  production  of  heat  at  a  distance — in 
which  their  usefulness  is  also  small — to  the  production  of  the 
currents  used  in  telegraphy,  and  to  the  transmission  of  cm 
a  distant.'. 

The  Transmission  of  Energy  to  a  distance. — If  a  ma. 
or  electromagnet  be  placed  within  a  variable  magnetii 
magnetic  field,  it  will  tend   to   place   its  axis  along  the   Lines 
Induction.      Hence  a  magnet  surrounded   by  a  coil   of  wire  will, 
when  a  current  is  passed  through  the  wire,  tend  to  place  itself  at 
right  angles  to  the  plane  of  the  current.      (*.._•  Fig.  241.) 

If  the  coil  be  placed  vertically  in  the  plana  of  the  magnetic  merlcnaa,  and 
if  the  needle  bfl  suspended  horizon  talk  al  i  then,  on  the  supposition 

that  I"  tli  j m ■!-■:■  of  th«-  magnet  are  nt  tbe  centra  of  the  coil,  an  Meal  appi 
mated  to  when  the  coil  ha*  on  extremely  targe  diom< 
is  extremely  short,  the  deflection  of  the  needle  from  the  magnetic  meridian 
is  such  that  its  tangent  is  pXOpOCtlo&aJ  to  tli  j  of  the  current  passing. 

Such  an  armnp  men  I  i-  called  n  Tangent  Galvanometer.     (See.  | 

If  the  coil  be  placed  parallel   to  Hi.  deflected  needle  the  sine  d 
flection  becomes  proportional  to  the  intensity:   this  i-  I  Itlvanom 

in  which  instrument  a  long  needle  is  need. 

When  a  curreut  is  suddenly  made  and  immediately  stopped, 
tin'  needle  of  a  galvanometer  receives  an  impulse  and  is 

thrown  through  a  certain  angle  ;  iL  is  continuously  retarded  dm 
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this  throw  by  the  directive  force  of  the  surrounding  magnetic  field, 
this  field  being  that  of  the  earth  or  of  a  neighbouring  magnet. 

The  throw  is  such  that  the  total  quantity  of  electricity  passing  is  pro- 
portional to  the  sine  of  half  the  angle  of  deflection  (p.  662). 

The  twitch  or  throw  of  the  needle  renders  manifest  the 
passage  of  a  very  brief  current ;  just  as  the  position  of  equilibrium 
assumed  by  the  needle,  as  it  lies  more  or  less  completely  across 
the  current,  indicates  the  persistence  of  a  continuous  current. 

When  the  current  ceases  the  magnet  tends  to  oscillate  for  some  time  like 
a  pendulum  ;  but  if  it  oscillate  in  a  strong  magnetic  field  of  force — as,  for 
example,  in  the  neighbourhood  of  a  strong  magnet — its  oscillations  will  be  very 
rapid  and  of  small  amplitude.  If  masses  of  metal  be  so  arranged  that  any 
oscillations  of  the  magnet  tend  to  produce  retarding  induced-currents  in  these 
masses,  then,  especially  if  it  be  a  light  needle,  the  oscillations  of  the  magnet 
rapidly  cease,  as  if  it  were  immersed  in  a  viscous  medium,  and  the  magnet  is, 
without  further  oscillations,  restored  to  its  position  of  repose.  A  galvano- 
meter arranged  on  this  principle  is  a  Dead-beat  Galvanometer. 

The  same  dead-beat  effect  is  mechanically  produced  by  making  the  magnet 
move  in  a  small  closed  chamber  of  air  which  it  nearly  fills :  it  thus  moves 
against  air-resistance. 

As  often  as  a  momentary-current  is  sent  round  the  magnet 
of  a  galvanometer,  so  often  will  the  twitch  of  the  suspended  mag- 
net be  repeated,  and  at  intervals  of  time  equal  to  those  between 
the  successive  momentary-currents.  This  action — which  is  the 
simplest  form  of  transmission  of  energy  to  a  distance,  for  work  is 
done  in  displacing  the  magnet  within  the  field — is  the  basis  of 
telegraphic  signalling. 

Longer  and  shorter  currents  produce  longer  throws  and  shorter  twitches 
of  the  galvanometer-needle.  These  form  the  basis  of  a  signal  alphabet — the 
Morse  code.  The  following  is  the  alphabet,  the  upper  line,  where  there  are 
two,  being  the  European,  the  lower  the  American  form  : — 


A  '  — 

A 

D 

E     ' 
I 

M 

F  • :  — :       o 

j  .  —  —  —  x 

N  —                0 — 

A 

H  ' 

L 

p  :— .  t: 

Q—  TZ1  — 

R                                         g     ... 

A 

t  — 

u 

v w 

X  TZ1\— 

Y — 

A 

A 

[CH 

z  —  —  :• 

A 

6 u 

]             *■ 

. 
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l<  BAP. 


Full  stop  ; ;  i_'_i_  . 

Stroke 

Apostrophe  . 


Repeat  or  1 
Hyphen  _ 


(Aincr.) 


In  KHM  of  the  American  forms  it  will  be  observed  that  a  period  of  time, 
represented  by  A,  intervenes  in  the  midst  of  a  set  of  signals  representing  one 
letter.  The  American  form  (U.S.  and  Canada)  is  the  original,  as  devised  by 
Prof.  Morse  :  the  European  is  an  improved  version. 

In  submarine  telegraphy  the  signals  used  are  not  long  and  short.,  but 
right  and  left  deflections — that  is,  positive  and  negative  momentary  currents. 

When  at  the  distant  end  of  a  circuit  the  conducting  wire  is 
passed  round  a  soft-iron  core,  that  soft -iron  core   becomes  an 
electromagnet  just  as  often,  and  remains  an  electromagnet  just  as 
long,  ms  tli*-  circuit  is  or  remains  completed  by  a  key  at  the  home 
station.      This  electromagnet   may  govern  the    movements  of    a 
neighbouring  mass  of  iron,  and  do  work  upon  it :  and  the  move- 
ments of  this  second  mass  may  be  utilised  in  an  endless  variety 
of  ways  for  the  repetition  of  movements  similar  to  those  executed 
at  the  home  station  by  tin-    band  *>f    the  operator,  or  by  any 
mechanical  contrivance  adjusted  so  as  to  make  and  break  con! 
in  any  pre-arranged  manner.      The   mass  of  iron   moved  at   I 
■  listant  station  may  itself,  by  its  movement,  make  and  break  a 
second  electric  circuit,   and   may  thus  control  the  movement 
metallic  masses  at  still  more  distant  stations,  as  in  the  case  of 
telegraphic  relays. 

Electromagnetic  Interrupter  for  Tuniug-Forks. — A  tuning-fork 
of  known  pitch  is  set  in  vibration.  As  it  vibrates  it  alternately  makes  and 
breaks  a  current  which  taavMW  the  tuning-fork  itself.  Tliis  current  is 
passed  in  its  coarse  round  a  little  electromagnet,  which  is  alternately  made 
and  unmade.     This  electromagnet  iB  so  arranged  as  alternately  to  attract  and 

IM  one  of  the  prongs  of  the  tuning-fork,  which  is  thus  kept  in  continuous 
ii.     The  nt  current   produced  is  sent  round  a  second  ele. 

magnet,  which  rhythmically  attracts  and  releases  a  second  tuning-fork  ;  th 
thus  kept  vibrating  in  unison  with  the  first,  even  although  it  be  not  precisely 
in  tune  with  it. 

At  another  example  of  this  movement  of  distant  masses 
may  take  the  Telephone  in  its  simplest  form.      A  plate  of  iron. 
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Fig. 233. 


i*  placed  in  the  magnetic  field  of  a  magnet.  If:  the  plat 
caused,  by  being  spoken  at,  to  enter  into  certain  vibrations ;  the 
vibrating  plate  P,  by  induction,  acts  upon  the  magnetism  of  the 
magnet  M  ;   the  latter  is  alter-    P 
nately  strengthened  and  weak- 
I    in   accordance   with   the 

varying  position  of  the  vibrating 

:  as  M  varies  in  strength  it 
causes  variations  in  the  strength 
of  a  current  passing  through  a 
coil,  (.',  wound  round  its  pole,  or 
else,  if  there  be  no  appreciable  current  passing  in  that  wire,  it 
causes  a  current  to  be  formed  in  that  wire  whose  intensity  va. 
continuously  on  either  side  of  zero -value,  being  now  in  the  one 
direction,  now  in  the  other.      This  induced  current  iv  M  in 

the  mode  of  iLs  variation  the  complex  -  harmonic  curve  which 
might  have  \mn  recorded  by  a  delicate  writing-point  attached  to 
the  vibrating  plate.  The  variable  current  thus  produced  passes 
at  the  receiving  station  through  the  coil  of  a  similar  telephone. 
It  there  causes,  by  induction,  variations  in  the  strength  of  the 
magnet,  which  attracts  the  plate  wiih  varying  -I  of  force. 

ft  plate  is  cither  bent  as  a  mass  towards  and  from  the  magnet, 
or  its  molecules  are  disturbed  by  tin-  varying  induction:  or  these 
actions  may  be  combined  ;  in  any  case,  the  plate  exerts  varying 
pressure  upon  the  surrounding  air  and  produces  in  it  Sound- 
"Waves,  which  approximately  reproduce  in  their  complexity  the 
sound-waves  produced  by  the  original  voice. 

It  b  a  matter  of  indifference  to  th.  Itoefviag  tali] >hone  bf  what  means 
the  variations  of  current- intensity  which   it  reveals  h;.\  iroduced. 

These  may  be  due  to  variations  of  chctromotive  D.P.  (vibrations  of  01. 
th.-  plates  of  an  electrostatic  accumulator  or  oscillatory  variations  in  its 
charge, — variations  of  the  nfltliwlill  of  a  mass  of  mercury  vibrating  while  in 
contact  with  water  up  and  down  a  conical  capillar}'  tube),  or  to  variations 
in  the  total  resistance  (length,  cross-section,  eon  udu<-ting 

The  conductivity  of  the  circuit  may  be  caused  to  vary  by  iq 
(In    wire,  by  causing  a  certain  length  of  it  to  vibrate  ;  or  again  by  inter- 
posing a  certain  length  of  a  conductor  whose  conductivity  varies  with  vary- 
ing pressure  (microphone)  or  with  varying  illumination  (photophone). 

According  to  Prof  Tuit,  the   variations  of  current  in  an  ordinary  MuV 

''inivulent  to  actual   currents  whose   intensit  thousand 

millionth  part  of  the  current  ordinarily  used  in  telegraphic  work.     This 

teU".  -rent  may,  OB   Ion  12  line.*,  lie  stated  to  Ixj  als«uit   mie-sixtieth 

Aapin. 

Paflre-ECToct. — A  telephone  will  work  feebly  even  without  any  plate  P; 
the  varying  constraint  of  the  particles  of  the  magnet  M  causes  them  to  exert 
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varving  pltawua  Span   the  ate      If  ■   plttt  of  any  substance  be  conne* •; 
■.villi   the   extreiuhy  uf   \|,  that  plate    fffll   BCt  M  ft  -=. .uii.lin^-lxwiril,  and  will 

and  pyodnced. 

In  the  Differential  Galvanometer  two  equal  and  .«epnrate 
wires  are  coiled  round  the  same  needle;  through  these  wires 
ourreutfl  may  be  Bent  in  o  directions  :  if  the  two  cmrei 

be  equal  the  needle  remains  at  rest  i  if  either  predominate  the 
needle  mows. 

Simultaneous  Currents. — A  sweat  varying  in  a  complex 
manner  fa  equivalent  to  a  number  of  co-existent  currents,  each 

varying    in    ;i    simple-harmonic-    manner.      Thus    .any    number 
iiirrents  may  co-exist  on  the  same  circuit,  and  may  be  positive  Of 

; i.<       i  >i  these  some  may  be  originated  at  one  station  in 
circuit,  others  at  others.     Two  currents  in  opposite  diroctioBfl  and 

of  equal   strengths   may  thus   pass    through  tin-  same  wire,  and  if 
led  round  B  magnetic  needle  will  produce  i  upon  it. 

By  means  of  differential  galvanometers  two  messages  may  be  sent  along 
the  Baine  telegraphic  wire  at  the  same  time  (Duplex  Telegraphy).     Station 
A  hat  ■  nagle  wire  leading  faun  the  ponttsva  pole  of  his  battery  :  Oh 
running  in  thin  bfl  «livides  into  two  nuiktiet,  which  he-  sends  in  opposite 
directions  round    t  I    galvanometer:    ti>- 

moil  lien  sent  on,  the  one  to  the  distant  station  B,  the  other  to  A's 

own  earth-plate.      In  the  course  of  the  oat  Of  the  other  branch-current  the 
operator  at  A  interpoati  sai  until  the  intense:  opposed  • 

rend  round   his  galvanometer-needle  ore  equal  ;  then,  in  whatever  wa, 
amy  ma)  ••  circuit,  his  galvanoi  die  ail]  remaia  steady  ;  bol 

tin-  in  ••(Hi-  at  i-s  will  respond.     Similarly,  B  scad  to  A,  to  which 

own  in.-tniment  i«  unite.    The  two  Stations  may  thus  signal  limnll  ■ 
two   operators   being  employ  >    and,  OD6    to   transmit,  the   oth. 

tve  ;  and  tin-  variations  of  electric  condition  produced  in  tl  "»>- 

ling  win  run  through  in  a  manner  analogous  to  that  in  w 

waves  in.  tveraa  one  another,-  bat  nol 

.     i -.-ll  h us  no  inertia.     This  is  the  Differential  Method. 

Bridge-Method  in  Duplex  Telegraphy. — Suppose  a  triaii 
( be  current  enters  at  A  ;  B  is  connected  with  l2u  tation  1*;  I 

nected  to  earth  through  a  resistance  equal  to  that  "I  the  line  BD;  between 
Band  C  is  the  recording  instrument  of  the  home  Btation.     One  moiety  of 
the  •  ngvanfl  which  enters  al  A  will  run  to  earth,  the  other  will  truv.  1  to  I> 
If  tli.-  ri'-istance  in  AB  be  no  adjusted  as  tc  I  to  that  in  AC,  B  and  C 

will  be  at  eqnal  potentials;   no  current  will  run  throngh   BC;  the  fa 
in -t r  iMii'  iit  standi  motienlasB.     At  the  re  theappara( 

hi  i  unilar;  it  will  then  indicate  the  arrival  ita  A,  but 

will  lie  insensible  to  the  mov.-uients  of  its  own  key. 

If  a  current  which  has  300  maxima  of  intensity  per  second,  and  another 
of  aay  800  maxima  per  second,  be  font  along  the   lame  wire,  the 
earrant  will  present  variations  of  intennt)  BOch  na  might  be  repre- 
the  curves  of  Fig.  45.     Suppose  a  current  presenting  such  variations  of  in- 
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tensity  to  l»e  passed   round  ;i  soft-iron  the  end  of  which  fa  I 

reed  tuned  to  vibrato  300  time*  a  .w  and,  ami  1*4.1  adjusted  Ifl  to  be  attracted 
in  the  sense  (»f  its  vibrations  when  the  soft-iron  core  attains  its  maximum 
intensity.  The  steel  reed  would,  UDOng  Other  impulses  to  whn:h  ||  would 
not  MfMO  9t  a  set  of  300  maximum-attraction*    per  second,  whhdi 

would  set  it  in  vjl-rati-m.      The  MOM   current   may  be  also   pfl  md  ;i 

.  opposite  the  extremity  of  which  is  placed  a  reed  tuned  to  800  vibrations 
per  second  ;  that  reed  will   pick  out  and  will  respond   to   tin*  m 
component  of  variation  of  intensity  ..f  tin*  current,  and  will  respond  1 

only.      Further,  ngpOM    that    the.   s--Vfi.il    eoU] it     of  v.niat i-.ti  an-  e.ndi 

ri'  *t  1-,  but  interrupted:  the   oan   -j-  nding  vibrations  of  each  nod 

will  be  similarly  interrupted,  and  one  telegraph  l  k-rk  m,.  ded  with 

listening  to  each.  A  current  wh-.se  variation  of  intensity  ||  m  complex:  as 
the  sum  of  eight   distinct  S.H.M.'s   may  be    pOaCtieeJ  n.'iiy 

distinct  1  ..  edl  in!--  distinct  signals  ;  and  since  th--  duplex  method  of 

working  may  be  applied  to  this  plan,  M  m.iuv  u  irfirtilOTl  di*tin--i.  m--«sagee 
may  truvtd  along  a  -iu'.:lf  win  at  the  tuna  time.    This  h  tin;  priocipl 

Mr.   Eli-ha  I    :    •         Harmonic    Te  1  <•  •_', r;i|ili. 

Quadruple*  Telegraphy. — A  small  current  ehraj  the  circuit. 

re  are  two  transmitting   keys.      The  one   IQTHBOfl   the   -lii  the 

this  causes  a  needle  within  i  magnetic  field  .it  the  receiving  itatioo 

to  M  'I  "i  ri^ht  ;  an  flflbot  which   dependfl   Dpon  change  of  direction 

«>f  the  current  witliin  the  circuit.  Tin-  other  key,  when  depnend,  intro- 
duces a  new  battery  into  the  I  Imdt  ;  i  the  cun-nt  i*  tliereby 
in- reosed,  and  the  current  is  now  enabled  t  >  make  ■  i-itiin  §o  tro- 
magnet  move  at  the  receiving  station;  an  effect  nil  endfl  upon  the 
ngth,  but  not  upon  the  dinotion  of  the  current  in  tin*  circuit.  The  one 
receiving  instrument  thus  records  r.  v.  i  als,  the  other  the  •  nliancem--nU  of 
eurrent-inteusity.  Two  sets  -  may  thill  be  lenl  in  tie-  BUM  direction 
at  the  lanM  time;  and  this  arrangement  when  duplexed,  preferably  by  the 
i.ii.i  hod  flbore  described,  becon us  (pia-lrupK-x.  This  is  th--  |teiU)d* 
piin-i|.|e  of  Pmoott  IS  a'fl  system,  win  in 
Preacott's  TtUphon*.  The  practical  details  are  BXtn  .  then 
may  nee,  be  a  critical  Instant  at  which  the  int-m-ity-i.  leh.-r  g|  liable 
lo  l>e  Interfered  with  end  to  fail,  through  the  mm-nt  supplied  to  it  lading 

away  while  being  revc;  rcver>ine/-kcy  ;  a  condenser  then  acts  as  a 

reservoir,  and  up  a  current  which  tides  <-v-r  tl 

instant;   a  result  winch   i    aided  by  a  sub  I     d  battery  than 

into  action  by  means  of  a  relay. 

The  principle  of  Reversed  Action,  illustrated    ly  tin-  re> 
isg  telephone,  oomee  also  into  pby  whan  a  osnenl 

the  wire  of  a  <1\ *nnTno-electric  or  a  magneto-electric  machine.  As 
rotation  of  ad  yuan  lo-electric  machine  produces'  a  current  in 
tain  Mnee,  BO  mi  i'\traneous  current  sent  through  the  machine  iti 
the  same  sense  causes  a  reversed  rotation  of  the  inductor.  In 
consequence  r»f  tin*,  if  wo  couple  two  d jnaino-electiio  macbineebr 
connecting  wires,  so  that  l»oth  dynamos  (so  called 
brevity)  are  on  the  same  metallic  ciu-mt,  and  if  ere  tense  the  in- 
ductor of  the  one  into  rotation,  the  induetof  of  the  othei 
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in  a  reverse  sense  as  soon  as  the  current  transmitted  attains  a 
certain  intensity.  The  distant  dynamo,  which  bears  under  such 
circumstances  the  name  of  Electromotor,  may  he  of  any  size  (for 
dynamo-electric  mad  lines  up  to  40  or  50  horse-power  have  bft 
constructed),  and  the  simple  use  of  a  key  or  commutator  arrests 
or  reverses  its  action  at  will.  The  intensity  of  the  current  pass- 
ing round  the  circuit  is  diminished  by  the  reversed  rotation 
the  electromotor;  this  is  equivalent  to  the  production  of  a 
reverse  current  by  the  electromotor.  The  usefulness  of  the 
arrangement,  the  proportion  of  the  energy  absorbed  by  the  electro- 
motor in  rotating  against  resistances  to  the  total  energy  imparted 
by  water-wheel  or  steam-engine  to  the  driving  dynamo,  is  equal 
to  the  ratio  between  the  intensity  of  the  virtual  reverse-current 
produced  by  the  electromotor  and  the  intensity  of  the  current 
produced  by  the  dynamo.  This  Utility  or  Efficiency  is  not  to 
be  measured  by  the  relative  rapidities  of  rotation  of  tin-  «1<  <  tro- 
motor  and  dynamo,  on  account  of  the  so-called  dead  turns  ;  the 
rotation  of  the  dynamo  must  exceed  a  certain  speed  before  any 
current  will  be  produced,  and  the  current  produced  must 
a  certain  strength  before  the  electromotor  will  turn.  The 
Activity  of  the  arrangement  (u?.,  the  rate  at  which  the  electro- 
motor can  do  external  work,  the  amount  of  energy  transmitted 
per  second)  is  theoretically  greatest  when  the  virtual  reverse- 
current  is  half  that  produced  by  the  dynamo — that  is,  when  I 
resistance  in  the  exterior  circuit  is  equal  to  that  within  I 
dynamo  itself.  In  practice,  however,  this  rule  does  not  apply, 
because  the  phenomena  of  induction  within  a  dynamo  are  exceed- 
ingly complicated,  ami  the  arrangement  most  advantageous  for 
each  machine  must  be  found  by  experience.  In  general  the 
exterior  resistance  should  not  exceed  42  °/  of  the  total  resists  t 

The  theoretical  activity  is  arrived  at  thus : — During  each  second  the 
external  work  done  is  W  ergs ;  where  W  also  represent*  numerically  the 
Activity  in  question  ;  the  energy  converted  into  heat  in  the  v.  ii 
I2R,  and  the  energy  provided  by  the  dynamo  is  EI.  Then  EI  =  I2R  +  W  : 
ii  quadratic  ;  whence  I  ■  (E  ±  \E*  -  4RW)/2R  The  quantity  (E2  -  4RW) 
cannot  Lav.-,  physically,  a  negative  sign,  for  its  square  root  would  then 
hecome  an  [mpewLbk  quantity.  J(E3  -  4RW)  cannot  lie  less  than  /■ 
whtOUt   W   cannot  be   greater   tl  B  :    when   it  ia  equal  to    EP/4B, 

I  =  E/2R,  and  the  intensity  has  been  diminished  from  E/R  to  E  2R, — t 
is,  to  one  half, — while  the  total  resistance  must  have  l>een  doubled. 

About  forty  per  cent  of  the  energy  imparted  to  the  dynamo 
can  be  recovered  as  work  in  the  electromotor.     Where  energy 
very  cheap— as,  for  instance,  that  of  water-power,  windmffl-pofi 
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or  perhaps  tidal  power — or  where  coal  is  very  dear,  it  may  be  of 
advantage  to  resort  to  this  mode  of  transmission  of  energy. 

As  to  the  thickness  of  conducting  wire  necessary,  there  is  no 
limit  other  than  that  imposed  by  the  necessity  of  very  good 
insulation.  An  ordinary  telegraph  wire  could  convey  the  whole 
energy  of  Niagara  Falls,  and  convey  it  to  any  distance ;  but  the 
wire  would  be  at  so  high  a  potential  that  sparks  would  fly  from 
it  into  the  surrounding  air.  In  the  same  way,  if  the  amount  of 
onflow  of  a  fluid  in  a  pipe  were  found  to  vary  directly  as  the 
motive  difference  of  pressure,  any  amount  of  energy  might  be 
transferred  from  one  place  to  another  by  the  smallest  flow  of 
water,  for  any  water  allowed  to  flow  out  of  the  pipe  might  be 
made  to  escape  with  any  assignable  velocity;  provided  always 
that  the  tube  were  strong  enough  at  all  points  to  sustain  at  all 
intermediate  points  the  necessary  pressure. 

If  a  dynamo  of  resistance  5  Ohms,  and  producing  a  difference  of  potential 
of  1000  Volts,  be  the  source,  and  a  similar  machine  be  the  electromotor, 
while  the  connecting  wire  offers  a  resistance  of  r  Ohms,  the  intensity  of  the 

current  produced  is  (  J  Amperes.    If  500  such  dynamos  be  coupled 

in  file,  their  joint  E.D.P.  will  be  500,000  Volts,  and  their  resistances  2500 

Ohms  ;  if  the  receiving  electromotors  be  also  multiplied  five-hundredfold, 

their  resistances  will  be  2500  Ohms  ;  if  the  connecting  wire  be  unaltered,  the 

600,000 
intensity  of  the  current  passing  will  be  Amperes  j  but  if 

the  connecting  wire  be  also  500  times  as  long  as  at  first,  the  intensity  is 

500,000  /  1000  \    .       .         ,  .     .     - 

2500  +  2500  +  500r  =  \WT~r)  **&"*>  "*  "*»  M  m  *"  former  ^ 
Though  the  intensity  of  the  current  passing  is  the  same,  the  energy  trans- 
mitted per  second  is  not  the  same  :  it  is  500  times  as  great.     In  the  former 

case  it  is  Intensity  x  E.D.P.  =  (A       )  *  1000  Ampere-Volte  or  Watte :  in 

.,  .     1000     ,       ,  M^^^ms.        500,000,000  w 

the  latter  it  is  __  ,      Amperes  x  500,000  Volts  =  — ~ — - —  Watts. 
10  +  r        r  ■  10 +  r 

E 
When  the  total  resistance  is  the  internal  resistance  R<,  I  =  „' ;  when  it  is 

K, 

E 
(R,  +  R,),  I,  =  jc  ™|r.     These  two  distinct  sets  of  circumstances  are  linked 

together  by — (1)  The  criterion  of  maximum  activity,  R,+#  =  —  R,;  and  (2) 

58 

The  energy  imparted  to  the  dynamos  is  a  constant,  =  E,I,  =  N  ergs  per  second. 
From  these  equations  we  find  1  =  tj  ™Q  R  ,  and  E,  =  R»+,I,=  ^  R,\ 

\\/  inn  R  )  =  \l  Va  *^**=  ^^*+t^'     TO*  wurt  now  choose  numerical 
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values  for  1^+*  the  total  roaielBPOfl  internal  ami  external,  and  N,  the  amount 
of  energy  imputed  to  the  ojatem.     We  shall  bbb  <'.<!.s.  Klvtroetatic  unite. 
Lei  the  reeutmee  be  that  of  -jooo  kilometres  of  copper  wire  of  l  eg.  em, 
in  erem-aeetiaBi,  ami  that  <>f  x  dynamoi  and  t  •.•leetrumotora.     The  dynamos 
ore  each  rap) -<i  to  generate  an  KD.P.  of  1000  Volt*,  or  3JC.G.S.  I 

units.      Their  number  mu-t  be  (B,+3j). 
Lei   the  joint   rcBJetencc  of  eaoh  dynamo  and  motor  be  10  Ohms,  or 

C.G.S.  Kleetrostatir  unit  of  resistance.     The  resistance  of 


900,000,000000 

the  (E  -=-3^)  pairs  Of  machines  will  W  <  (E  -  3j) 
K 


10 


900,000,000000 


}• 


or 


C.G.S.  Electrostatic  units. 


300,000,000000 
The  wire  (4000  kilometres)  will  offer  a  resistance  of  about  618  Ohm 

210 

Electrostatic  O.G.S.  unite. 


1 


300,000,000000 


|  E,  +  216  I  C.G.S 


300,000,000000 

The   total    resistance    \l,  +  t  = 

units. 

Let  N  be  the  energy  of  the  Falls  of  Niagara,  measured  also  in  ( 
units  or  ergs.      Al  -« mt  100,000000,000000  grammes  of  water   fall  per  hour 
through  a  height  of  about  4830  cm.     The  potential  energy  loot  by  the  water 
is  about  1 32,000,000000,000000  ergs  per  second  =  N. 


The  M|Hiti; ■•!!  Et=  \^lit+<S  is  now 


— ! I  E  +  216  i  x  132,000,000000,000000,  a  quad- 

300,000,000000  \     '  )  [ 

ratio  ;  ernenee  E,«  4to.o20  C.G5.E.S.  units  or  132,006,000  Volts. 

If  boo  teb  •  rraphii  -wire  4  mm.  in  diar.  were  used,  its  resistance  would  be 

(the  rinhfH1*t  oi  irOO   being  f}-J  that  of  copper)  31680  Ohms;  the  total 

^  ■""  bc    300,000,000000  {E>+105G0  I1""1  E-«M20 

E.S.  unit.-,  01  135,096,000  Volte. 

No  practicable  insulation  could  be  set  up,  adequate  to  sustain  permanently 
so  great  a  stress,  which  corresponds  (Foster)  to  a  striking  distance  of  some 
half -a-Uf»zeii  miles  through  air  ;  and  no  dynamo-electric  machine*  could  be 
range  1 1  in  file  to  the  number  neoeeaaiy,  for  the  insulation  of  their  coils  would 
be  broken  down  by  sparks  from  the  wire  to  the  outer  , 

It  i-  practicable,  however,  with  ordinary  telegraphic  wire*  insulated  in  the 
ordinary  w.tv,  and  with  a  16-hor  dynamo,  to  drive  a  6-horae-power 

remoter  at  a  distance  of  30  miles. 

Tlit-  wire  must  also,  by  possessing  sufficient  thickness,  offer  to  little  resist- 
IfiCfl  that  it  is  not  so  far  heated  as  to  deteriorate  in  conductivity. 


The  Nature  op  the  Magnetic  En 

Magnetic  Rotatory  Polarisation. — If  a  plane-polarised  beam 
of  light  or  radiant  heat  be  sent  through  a  magnetic  field  occupied 
by  ti  transparent  medium,  its  plain*  will,  by  the  retardation  or 
acceleration   in    phase   of   one    of   its    circular   components,    be 
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._> 


rotated.     The  sense  of  this  rotation  depends  upon  the  direction 

of  the  lines   of  force  and  upon   Lin*   nature  of  the   medium  , 
unoonl  dependi  upon  the  thickness  and  the  nature  of  the  medium 
and  upon  the   intensity  «..f  the  held   (resolved   in  the  direction  of 
the  ray). 

lui>.  in  tin-  hands  of  Becquerel  aud  Lord  Reyleigh,  been  made  the 
basis  "f  a  new  mrthod  of  t  it  "f  tin-  BUtte&l  |  the 

•  -ut  juissed  through  a  coil  produces  within  the  coil  m  ell  oeCH 

field,  the  intensity  of  which  is  proportional  to  the  intensity  of  the  current  ; 
I  j»Une-polari  -ent  along  the  axis  of  the  coil  ii  BOttted  t'»  an  extant 

proportionate  to  the  current-intensity. 

In  diama^nctic  substances,  and  in  flint  glass  and  a  few 
noagnetic  substances,  the  direction  of  rotation  of  the  plane  of 
polarisation  is  Unit  shown  by  Rgi  263,  in  which  All  n-piesents  a 
line  of  force,  and  the  arrows  I  eiiek  represents  Fig-.aas. 

direction  of  rotation  of  the  plane.  Whether 
the  ray  travel  in  the  direction  All  or  in  the 
direction  BA,  the  absolute  rotation  imparted  to 
it  on  its  transmission  throng})  the  magnetic 
Qeld  is  the  same ;  whence,  if  it  be  reflected 
from  I  minor  and  sent  back  through  the.  field, 
the  rotation  of  its  plane  will  be  doubled 

in  most  magnetie  media  the  direction  abOT6 
mentioned  is  reversed.  The  rotation  Efl  better  marked  in  solu- 
tions of  nickel  than  of  iron,  and  in  uniaxial  crystals  it  is  most 
marked  along  the  axis. 

Hall's  Experiment — A  thin  cross  of  gold  letf  on  •  piece  of 
A   current    from   a   batter}'   passes 
through  two  arms  of  the  cross,  but 
does  not  affect  a  galvanometer  con- 
l   with    the    Other    two   arms. 
Winn  ilu-  cross  is  made  to  face  the 
lines  of  force  of  a  strong  mtj 
ti.-lil,  a  I'oiiAtant  current  is  indi 
hy  the  galvanometer.     The  current 
of  tlf  j'ih-  bj  as  it  were,  pushed  into 
the  galvanometer  circuit. 

Kerr's  Experiment — PrFnihH  light  reflected  from  the  punched  fiwe 
of  a  magnet  DodeCBMl  mtati-m  ->f  the  plane  of  its  polarisation  :  when  n-flrcted 
from  tin  lu.illi  fan  left  to  right. 

Maxwell's  Theory. — These  phenomena  ran  1»e  explained  and 

deduced  from  one  another  by  supposing  that   there  is  some   kind 

of   rotation    round    the   lines  of  force;   and   this  rotation    maybe 

girdedj  with   extreme  probability,  as  rotation  within  extremely 
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small  whirlpools,  whose  common  axes  are  arranged  in  the  direction 
of  the  lines  of  force. 

Some  lurm-  of  Hall's  exj>eriment  can,  however,  as  Mr,  Shelford  BidveU 
has  hIi'Avh  (I'liil.  Mag.,  April  1884),  be  explained  aa  examples  of  Thomson 
and  Pelti.r  effects  without  invoking  tin-  .iil  of  rotations  in  the  ma^netk  MM 

This  condition  in  the  magnetic  field  is  not  assumed  instant- 
aneously, but  is  propagated  through  the  non-conductor  surround- 
ing the  current  with  a  definite  velocity,  v.  While  the  disturbance 
is  being  propagated,  there  is  a  period  of  adjustment,  and  during 
this  period  the  phenomena  of  the  Variable  State  and  of  Induction 
appear:  these  arc  due  to  the  forces  called  into  piny  when  the 
velocity  of  the  whirlpools  or  vortices  is  changing  (Clerk  Maxwell). 

During  these  changes  the  mechanism  connecting  the  vortices, 
whatever  be  the  nature  of  that  mechanism,  is  exposed  to  Stress 
whii :h  is  equivalent  to  Electromotive  Difference  of  Potential ;  if 
that  mechanism  yield  elastieally  there  is  Electric  Displacement, 
and  the  return  to  the  normal  condition  gives  rise  to  an  Electric 
Current. 

Maxwell's  Theory  of  Light — The  same  kind  of  stress  has 
been  shown  by  Clerk  Maxwell  to  be  perfectly  competent  to 
explain  the  phenomena  of  Light.  The  condition  of  the  medium 
occupying  the  path  of  a  beam  of  light  is  equivalent  to  that  wbi 
the  same  region  would  assume  if  exposed  to  the  induction  of 
rapidly -alternating  currents. 

In  a  non-conductor  there  is,  under  the  action  of  such  stresses, 
an  electric  displacement,  and  energy  is  stored  up  in  this  displa 
ment;  but  in  a  conductor  any  disturbance  is  propagated  as  an 

eric   current.      If   Light   be  an  electromagnetic  pheuomei 
two  consequences  follow.     The  first  of  these  is:  Since  in  oi 
conductors  the  displacement  produces  a  restitution -force   whJ 
varies  as  the  displacement — a  criterion  of  vibratory  movement 
propagated  with  a  definite  velocity ;  but  in  conductors  no  such 
force  is  manifested,  and  the  energy  of  electric  disturbance  mi 
Boon  be  converted  into  heat:  That  Light-vibrations  axe  not  ppqqiMfl 
in   conductors,  and   conductors    should   be   always   opaque,  while 
non-conductors  ought,  if  homogeneous,  to  be  transparent     With 
few  exceptions  this  is  the  rule.     The  second  consequence  is  that 
r,  the  velocity  of   propagation   of   an  electroniagn-  .rbnnce 

in  a  non-c'iuUictor,  ought  to  be  the  same  as  that  of  light  This 
constant,  v,  is  otherwise  proved  to  be  the  same  as  the  ratio  of  tin- 
electrostatic  to  the  electromagnetic  unit  of  electrical  intern 
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sity  or  quantity   presently  to  be  explained ;   and  this   ratio 
experimentally  found  to  be  such  as  to  give  v  the  mean  value  of 
30,000,000000  cm.  per  sec,  which  coino  <  iently  with  the 

velocity  of  light. 

If  an  electrostatically-charged  body  could  be  whirled  round  a 
magnetic  needle  at  the  rate  of  30,000,000000  cm.  per  second, 
it  ought  to  act  upon  it  in  the  same  way  as  a  circulating  electric- 
rent.  At  very  high  speeds,  such  as  are  physically  within  our 
rearh.  Hi--  mane  effect  should  be  observed  in  small  degree,  ami 
I'rof.  Kowland  of  Baltimore  has  succeeded  in  making  it  manifest, 

A  consequence  of  these  con-  H  (Maxwell)  that  the  sp.  ind.  cap. 

of  n  dielectric  ought  to  be  e<jual  to  /**,  where  p  is  its  refractive  index  for 
waves  of  infinite  length.*  In  aomt  IllbttMMM  this  If  the  ciise  ;  it  is  so  in 
sulphur  (Bomich,  Novak,  Bolt/mann),  turpentine,  petroleum  and  benzol 
(Silow) ;  but  in  vegetable  and  animal  oils  (Hopkinwm)  and  in  glass,  Iceland- 
fpar,  fluor-spar,  lira  quartz  (Romich  and  Nowak),  the  sp.  ind.  cap.  is  too 
H  .    |,r.jL.,;blv  Might,  however,  00]  tttf  more  than  a  general 

agreement  :  the   BIMft  momentary  charge  and  discharge  with  which  we  can 
li  lis  of  millions  of  times  slower  than  those  rapid 

alternations  of  electric  condition  with  which  the  phenomena  of  light  are  held 
to  be  identical 

Electromagnetic  Measure. — A  current  of  given  intensin , 
I  in  electrostatic  units,  must  be  represented  by  smaller  num- 
li-i-s  when  electromagnetic  unite  are  used  :  a  current  of  I  as 
60000,000000  is  a  current  of  i  =  2  \  for  the  CLOA  electro- 
magnetic unit  of  intensity  is  30,000,000000  times  as  great  as 
the  0.GJ9L  el  ic  unit 

The  basis  of  the  Klectromagnetic  System  of  Measurement  is 
the  identity  of  effect  between  a  closed  current  of  electromagnetic 
itensity  i,  and  n  magnetic  shell  of  the  same  contour,  whose 
aognetic  strength  is  numerically  the  same,  being  reckoned  as  also 
equal  to  i. 

If  »  =»  1,  the  current  is  »>niivnl.  nt  in  magnetic  effect  to  a  magnetic  shell 
whose  strength  is  unity  and  whose  area  and  outline  are  the  same  as  that  ol 
the  circuit ;  and  this  is  the  Electromagnetic  O.G-.S.  Unit  of  Current- 
Intensity  (Definition  L ). 

If  we  suppose  a  wire  bearing  a  current  and  one  cm.  in  length  to  bt  bent 
into  a  circular  arc  whose  radius  is  one  cm.,  and  if  wc  suppose  a  unit  magu 
pole  to  be  placed  at  n  of  the  circle  of  w;  rcnlar  arc  forms  a 

part.  | .i.i  il  m  htliher tnppOH  that  tbt  1  I   bjj   the  current  upon 

*  If  m,  M,  he  the  nrfrai  five  indices  corresponding  to  the.  respective  war<*-l«ngtha 
X  and  X,,  we  know  that  to  a  rough  approximation  n  -  A  +  B/X*  and  n,«A+  B/X  •, 
where  A  and  B  ire  constants,  found  by  experiment.  From  these,  knowing  the 
numerical  values  of  n,  n„  X,  X,,  wo  can  find  that  of  A,  which  is  tl.  ate 

value  of  m  when  X  =  oo. 
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flie  unit  magnet-pole  ia  equal  to  one  dyne; — then  the  current  is  one  whose 
D   electromagnetic  nMSSttSB   uroa]  to  unity.       In  such  a  case 
i  =  l;  and  this  may  be  taken  as  Definition  IL  of  magnetic 

C.G.S.  Unit  of  Intensify.     The  ._' * •  t i » ■  i ; l I  formula  is/=  m.tf/f*,  wIht«- /  is  the 
force  exerted  upon  a  magnet-noli-  placid  at  tin-       ut . ,   of  MUsh  an  arc,  m  the 

uu-tli  of  that  pole,  r'  the  intensity  of  tie-   nirr  length  and   r   the 

radius  uf  the  circular  arc  into  which  the  wire  M  bent. 

The  potential  differs  in  tlii.i  case  from  the  force  exi-rted  in  having  r 
instead  of  r2  ai   its  divisor  (comp.  p.   180).      When  I  =  2ttt,  a  whole 
cunifurence,  the  poti  ntial  in  2jri.m,  the  name  as  the  mutual  potential  of  a 
magnetic  shell  of  strength  i  and  a  magnet-pole  ro  placed  very  near  it 

If  a  current  —  i  in  electromagnetic  unita  pass  along  a  wire  through  a 
uniform  field  of  magnetic  force,  of  strength  N,  the  wire  is  acted  upon  by  a 
.<|u,i!  t"  Ni  dynes  for  every  cm.  of  the  length  of  the  wire;  and  this 
gives  us  another  definition  (Definition  lit)  of  the  Electromagnetic  C.« 
Unit  of  Intensity.  This  also  enables  us  to  measure  the  intensity  of  an  in- 
tense magnetic  or  electromagnetic  field ;  a  current  is  led  through  it ;  the  « 
is  (brood  iu  one  or  other  direction;  this  force  can  be  balanced  by  a  known 
weight.  If  the  current  be  sent  through  a  column  of  mercury  in  a  known 
magnetic  field  there  is  a  difference  between  the  manometric  pressures  at 
the  two  aides  of  the  column  (Lippmann). 

Related  to  these  definitions  we  have  still  a  fourth  (Definition  iv.) ;  a 
current  of  intensity  »',  traversing  a  straight  wire  of  indefinite  length,  acts 
upon  a  unit  magnetic-pole  at  a  distance  d  from  the  wire  with  an  electro- 

netic  force  equal  to  2i/d.     This  conclusion  is  similar  to  that  of  pro;- 
p.  177  :  here  I  the  intensity  replaces  o*  the  density  thorn     A  unit  current 
would  therefore  act  upon  a  pole  m  wit.1i  ■'■■a/d. 

The  Intensity  of  a  Current,  clcctromaonetically  measured,  and 
the  Magnetic  Strength  of  a  shell  must  accordingly  have  the  same 
dimensions.      The  Magnetic  Strength  of  a   magnetic  shell   is 
(p.    625)    numerically   equal    to    the   product   of  the    Magnetic 
Quantity  per   unit   of  area  into  the  Thickness  of  the  shell 
dimensions  must  hence  be  those  of  Magnetic   Quantity,  divided 
by   an   Area,  and   multiplied   by  a   linear  Thickness ;    hut    I 
dimensions    of  Magnetic    Quantity   must  (since    the    imaginary 
magnetic  matter  obeys  laws  resembling  those  of  attracting  or 
repelling  electric  matter,  similarly  imaginary)  be   like   those 
electric  quantity,  [M*L'/T] ;  the  dimensions  of  Magnet-Strength 
arc  accordingly" [M>L»/T]  -=-  [L2]  x  [L]  =  [M*L*/T] ;  the  Electro- 
magnetic Unit  of  Intensity  has  the  same  dimensions,  and  there- 
fore differs   from  the   electrostatic   unit,   whose   dimensions  are 
[M*L?  T-],  by  the  term  [L/T],  which  represents  a  Velocil 
numerical  value  of  this  velocity  must  IV-  found   by  i  -nt, 

which  shows  it  to  be  30,000,000000  cm. 

Measurement   of   v. — Thi  between  the  electromagnetic  ouJ 

electrostatic  units  may  be  determined  by  several  methods,  of  which  two  ms? 
be  taken  as  examj  i 
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Weber's  method. — Charge  n  Leydcn  jar  with  a  known  quantity  of 
electvi<  itv,  Q  ;  discharge  the  jar  through  a  wire,  which  passes  round  | 
vunometer-needlu.     The  quantity  of  Electricity  passing  through  the  galvano- 

■qbmI  iri  tonni  of  tin-  dettatfan  onde^BOM  by  Hm  mi 
in  consequence  of  being  thrown  by  the  instantaneous  current.     This  gives 
i!i.   ijuantity,  $  in  elen  w.  measure.     These  Beparate  measurements 

of  the  numerical  values,  Q  and  q,  of  tin-  on   quantity  of  elect ric.ity  give  the 
tatic  and  tin*  olootiamagnetifl  unit. 

Sir  William    Tim  in :  M  -Tin-  two  ends  of  a  wire  of  great 

resistance,  R,  arc  kept  at  a  constant  pott-nf  ia!-<!itl  j  a  constant  current 

i  nil-  through  this  current  i.s  found  to  have  an  iut 

iftNnagBfltifl  units;  the  diflVrenc<-  of  potential,  elertromagnetically  mea- 
sured, b  (by  Ohm'.-*  law)  e  =  t'R.  E  and  e  bear  to  one  another  the  relation 
of  1  BOO  v  may  M  found  numerically. 

Dimensions. — Intensity,  i.     A  current  of  electricity  whose  intensity  is 

'  rostatically  represented  by  I  will  be  represented  eleetromnguetkally  by 
only  (I/t)  units;  whence  a  current  of  I  C.G.S.  electrostatic  units'  intensity, 
which  lias  dimensions  [MiU/T-],  will  have  in  elect lomagnetic  measure 
dimensions,  [fj  =  {[M*U/T3]  -  [L/T]}  =  [MiU/T]. 

Quantity,  9,  -  Intensity  x  Time;  [q]  =  ([M*U  T]  x  (T]}  =  [M*L*]. 

Potential,  or  Difference  of  Potential,  e,  =  work   dune  ly  of 

t  licit  v  upon  which  work  is  done;  [«]  =  {[ML-'/T2]  -f  [M*L*]}  = 
[M*U/T«J. 

Eltctrieal  Force,  the  mechanical  force  acting  on  electromagnetic  unit 
iv.      It-   i  are  those  of  mechanical  force  -f  qunntilv;  [HJ 

-  [f!i\  -  {[MI./T-]  +[M*L*])  =  [MtLiT-j. 

Resistance  =  difference    of   ]>otential  -f  cnrrent-int«  ii'-itv  ;  {[MiL'/T2] 

-  [MJU;T]}  .  [L;T]. 

Capacity  is  quantity  of  electricity  Btored  up  per  unit  potential -difference 
predated  by  it  j  He     unensions  are  { [M*L*] -=- pIiLt/T*] [  =[T2/L]. 

Specific  Conductivity:   tin     ntt  n-itv  I   passing  across  unit 

area  under  the  action  of  unit  electzi  Its  dimensions  are  those  of 

ennvnt-intensity  ~-  (electrical  force  x  area  ,  \I$L* ;T\  *  [(NHU/T2  x 

IflU}  =[TI.  I 

Resistance  iprocalofthe  ndnctivity ;  [I. 

lficients  of  Self-induction  and  Mutual  Induction  of  I 
reni  between  K. M.D.I',  produced  and  the  ran-  ..(  cDJOgi  of  current- 

int».-n«:ty  priMlucing  it :  the  dimensions  of  the  former  III  f.MiU/T2]  ;  those  of 
the    latter  (Intensity  +  Time)  =  [M*L»,T]  -i-  [T]  =  [M»Lt/T*J  ;    the   ratio 
•re  has  the  dimenrfoiu  |M!L:T'J  *  [MiLtyT2]  =  [L]. 

From  these  dimensions  we  find  that  that  which  is  measu 
electrostatically  as  a  current  of  intensity  I,  is  eleetroinagnetically 
a  current  of  intensity  QMszi,     Similarly,  by  cumporison  With 
tin-  electrostatic  measures,  we  find  that  electrostatic  quant  it 
numerically  expressible  as  (Q/V)  electromagnetic  units  ;  potential- 

diflb  E  in  electrostatic  measure,  as  (Be)  in  electrotnagDetic; 

nance,  K  electrostatic  units,  as  (lir-)  electron  units; 

capacity.  C.  as  (C/r2)  electromagnetic  uni:  lie  conductivity 
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and  resistance,  equal  to  c  ami  r  eLectro&tatic  units,  are  respectively 
equal  to  (cv2)  and  (r/v2)  electromagnetic  units. 

Practical  Units. — Some  of  the  units  of  the  C.G.S.  Eleol 
magnetic  System   arc   iucuiivenuMiily  large  or  small.      It  is  tin 
fore  the  practice  not   to   use  the  Q.QJ5L deotromagnfltJC  units   of 
I'lcctrical  quantity,  intensity,  resistance,  etc.,  but  to  build   op  an 
electromagnetic  system  based  on  new  unite  of  length,  /,  and  of 
mass,  m.      These   are    respectively   1000,000000    cm.  and  the 
100,000,000000th   part,   of   a   gramme.      The   unit  of    current- 
intensity     is     then     [jnty  T]  =  [  (M/100,000,000000)*  .  (L  x 
1000,000000)*/T]  =  AJM&L'/T].     The  new  unit  ..I   ini 
the  Ampere,  is  thus  equal  to  ^0  CLG.S.  Electromagnetic   lrmt. 
IH  the  same  way  we  find  the  unit  of  resistance,  the  Ohm,=  10® 
< '.( !  S.  Klectromagnetic  Units.     The  Megohm  s  1  million  Ohms; 
the  Microhm  =  one-millionth  Ohm.     The  unit  of  ilirTereno 
potential,  the  Volt,  =  10s  CXi.s.  Electromagnetic   Units;    the 

Megavolt  —  1  miHimi  Voltfl  ;  the  Microvolt  =  onr-millionth  Volt. 
The  unit  of  capacity  [T2//]  =  [T*/1000,OOOOOOL]  =  J  fP/L]  -4- 
1000,000000}  =  10"*  C.G.S.  Electromagnetic  Unit  =  1  Farad. 
The  Farad  =  10  D  X  one  <  .<  kS  1  electromagnetic  Unit  ..|  Capacrty  , 
but  the  latter  unit  is  equal  to  the  electrostatic  unit  x  c-,  or  to 
9  X  1020  Electrostatic  Units;  the  Farad  is  therefore  equal  to 
10"9  x  (9  x  10w)  =  (0  x  10")  Electrostatic  Units  of  Capacity. 
The  electrostatic  capacity  of  a  sphere  is  equal  to  its  radius ;  a 
Farad  is  therefore  the  electrostatic  capacity  of  a  Bp] 
(9  X  10n)  cm.  radius  ;  and  for  convenience  the  Standard  in  U 
is  the  Microfarad,  the  millionth  of  a  farad. 


Prmctic&l  Units. 

Inten.sit  y  —  A  tape  re 
Quantity — Coulomb 
Potential— Volt . 
Resistance — Ohm 
Capacity — Fin 


Number  of  C.G.S. 
Electromagnetic  Units. 

I   10 
1/10 

100,000000 

1000,000000 

1/1 000,000000 


Number  of  C.G.S. 

Electrostatic  Units. 

3000,000000 

3000,000000 

1  300 

1/900,000,000000 

900,000,000000 

lu  electric  lighting  a  certain  unit  in  frequently  made  use  of  as  a  conven- 
tional hull  for  r.-uiui.-itiu^  At  mm  diM  by  the  consuini  r,  i  bis  unit  napre- 
m:iiU  1000  Am]  r  -\  ■  ii  H  ;  ,  and  is  equivalent  to  the  Energy  conveyed 
by  a  current  of  one  Ampere  intensity,  pawing  down  t  fall  of  potential  of 

i,  and  sustain. id  fee  1000  hours.  This  amount  of  Energy  _  l  Ampcre- 
Vult  or  Watt  x  3,600,000  Mfc,  Mid  is  therefore  equal  to  (10,000000  Ergs 
j>er  sec.  x  3,600000  BOO.]   m  36,000000,000000  Ergs  ■  140    foot- 

pounds, or  about  865,000  <v«,  an  amount  of  heat  which  would  convert 
2-96  lbs.  of  ice-cold  wau-i  tnfto  Btoani  at  100*  C.  ;  and  the  connm-niul  unit 
of  current  is  a  current  of  anv  Intensity  continued  until  this  quantity  of  energy 
has  been  transmitted  thxoQg  pfBltoa, 
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Electromagnetic  Measurement  of  Intensity. — The  ele- 1 
jtietic  units  of  measurement  haT6  all  heen  derived  in  theory 
from  the  electromagnetic  measurement  of  intensity  of  a  current : 
the  electromagnetic  measurement  of  a  current  is  therefore  a  fonda- 
inental  measurement.  It  is  effected  by  the  use  of  galvanometers 
and  electrodynamometers. 

In  a  Taii^tiit-uMlvati.  r,i.  hi  in  which  the  coil  consists  of  only  one  turn, 
the  force  acting  upon  a  pole  M  very  near  the  centre  h  fa  ■  mil  r2^ 
mi.  2mr/ra  =  mi.  2ir/r,  when  lis  measured  in  C.G.S.  SkotRKDJ^Bttic  Units, 
and  where  F  in  the  force  acting  on  a  unit-pole.  The  force  exerted  by  the 
botiSi  Dtel  i-niuponent  of  the  earth'*  magnetism  is  H  on  a  unit-pole,  Hm 
on  a  pole  m.  The  deflection  of  the  needle  is  0.  The  magnetic  couple  is 
H  .  %mk .  mi  0  if  the  moment  of  the  magnet  be  11 .  m.  From  the  "  Equilibrium 
Of  ConpUM,"  page  159,  pNa  2,  we  learn  that  Ftn  :  Hm  : :  tan  0  :  1,  or  F  — 
H  Uai  0.  Then  fore  ».  iir/r  «IItan^ort  =  Htan  6  .  r/2r.  H  can  be 
t  iiiiil  ■  on  page  688,  or  turned  up  in  observational  tables  of  local  magnetic 
inti-nsities ;  6  can  be  observnl  .  r  BBJH  be  measured  ;  whence  t  can  be  found 
numerically  in  electromagnetic  C.G.S.  measure. 

If  the  coil  consist  of  n  turns,  whose  mean  radius  is  r,  the  force  acting  on 
unit-pole,  the  intensity  of  the  electromagnetic  field,  at  the  centre  is  i.  n.  Sir/r,. 
If  it  be  a  coil  of  rectangular  section  with  inner  and  outer  radii  rt  and  r#l  and 
of  length  /  am.,  With  n  turns  in  it  mi  the  whole,  tin-  intensity  is  equal  to 


i .  n  . 


r-r 


r+  A"  +  (W 


It  may  be  ofceemd  that  within  I  Mngle  solenoid,  very  long  as  compared 
with  it-s  In  ail  tli,  presenting  n  turns  per  cm.  and  a  current-intensity  *,  the 
inu-n.-ity  of  the  field  at  any  axial  petal  tl  4n-.ni.  This  corresponds  to  the 
4rl  of  p.  C20,  the  force  acting  on  a  unit  magnetic-particle  within  a  magn 

In  Galvanometers,  in  which  a  passing  current  produces 
a  magnetic  field  in  which  a  magnetic-  needle  is  deflected,  the 
amount  of  this  deflection  indicates  the  strength  of  the  current 
It  is  well  in  all  cases  to  produce  as  uniform  a  field  of  force  as 
possible.  This  is  effected  by  arranging  a  Dumber  of  coils  so  as 
to  surround  the  field,  DOt  wholly  but  IS  outline.  In  Helmholtz's 
Galvanometer,  for  example,  there  are  two  parallel  coils,  between 
whi'-h  the  DeecDe  is  placed  at  a  nn-an  distance  from  each  equal  to 
i  tin-  mean  radius  of  either.     For  veneaa,  each  winding 

of  the  wire  is  made  to  come  as  near  the  magnet  as  [fl  practicable. 

Galvanometer-Constant. — When  a  current  paw  !i  flw  wire 

of  a  g;il\it!i..in't.r,  the  needle  ia  in  a  magnetic  hold  of  a  certain  intensity  or 
strength,  mtasond,  as  usual,  l»y  F,  the  force  locally  acting  upon  a  unit 
ins+  If  i :  =  1,  F  ha*  a  certain  numerical  value  which  involves  only 

measurements  derived  from  tin-  construction  <>f  the  galvanometer  itself:  it  is 
known  as  the  Galvanometer-Constant,  and  give*  the  numeric*!  value 
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of  the  strength  of  the  field  when  the  current  traversing  the  instrument  is  of 
unit  intensity.  It  is  distinctively  represented  by  the  symbol  T,  and  the 
force  acting  on  a  unit-pole  when  the  intensity  of  the  current  is  *,  is  equal 
to  Ti;  acting  on  a  pole  m  it  is  equal  to  Tim.  For  example,  in  a  tangent- 
galvanometer  of  one  turn  the  force  acting  is,  as  above,  to*  .  2?r/r ;  whence 
T  =  2ir/r. 

Ballistic  Galvanometer. — If  a  tangent-galvanometer  be  constructed 
with  a  short  heavy  needle  of  length  21,  and  if  a  very  brief  current,  enduring 
only  for  the  exceedingly  small  interval  or,  be  passed  through  it,  the  needle 
will  receive  a  twitch  and  after  the  current  has  passed  will  swing  through  an 
angle  6.  The  last  equations  under  Ballistic  Pendulum  (p.  199)  were  |I<o*  =• 
(M  +  to)  gh.  2  sin*  0/2  and  w  =  2  V~(M  +  mYgh/I .  sin  0/2.  The  problem  here 
corresponds  closely,  but  instead  of  (M  +  m)  h  we  have  the  magnetic  moment 
of  the  needle  (  =  21.  m)  which  we  write  as  M  ;  instead  of  g  the  local  intensity 
of  gravity  (**.«.,  the  force  acting  upon  a  unit-mass),  we  have  H  the  effective 
component  of  the  local  intensity  of  the  field  within  which  the  needle  moves 
after  the  current  has  passed, — that  is,  of  the  terrestrial  magnetic  field.  The 
equations  of  that  paragraph  therefore  become  for  our  present  purposes 

JW  =  MH.  2  sin2  6*/2 
which  represents  the  energy  imparted  to  the  needle,  and 

w  =  2v/MH/r.8in0/2 
which  represents  the  initial  angular  velocity  imparted  to  it. 

But  again,  we  can  in  other  terms  express  the  work  done  by  the  needle 
during  the  brief  period  of  its  action  ;  as  the  product,  namely,  of  the  twisting 
moment  into  half  the  angle  of  twist  imparted  during  that  period.  The 
twisting  moment  is  Tim  x2l,  the  virtual  length  of  the  magnet ;  the  angle  of 
twist  is  an  exceedingly  small  angle  a  =  }w  x  St  where  <o  is  the  angular 
velocity  initially  imparted  to  the  needle.  The  work  done  is  therefore 
jr*TO .  21 .  l<o8t  m  jr .  2ml .  iSt .  £<■>  =  jrMQ .  £0  where  Q  is  the  whole  quan- 
tity of  electricity  passing  in  time  St.     This  is  equal  to  £Io>*. 

Now  equating  these  two  values  of  £Ia>2  the  energy,  we  have 

£rMQ.w  =  MH.2sin*0/2 
Q  _  4H    2  sin*  fl/2 

y~  r       * 

=  (  p-.  2  sin*  0/2J  +  (2  VMH/I.sin0/2J 

But  T,  the  time  of  a  complete  oscillation  of  a  needle  swinging  freely  in  the 

terrestrial  magnetic  field,  is    T  =  2  tt     /___  ; 

VMH 

whence  Q  =   p  .- .  sin  0/2T 

In  Electrodynamometers  the  current  is  passed  through 
a  coil  which  is  suspended  within  a  strong  and  uniform  magnetic 
field,  such  as  that  produced  by  powerful  electromagnets  actuated 
by  a  second  current,  or  again  by  fixed  coils  through  which  a 
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eecond  current  is  passing.  The  deflection  of  the  suspended  coil 
depends  upon  the  strength  of  the  current  passing  through  it,  and 
also  upon  the  strength  of  the  magnetic  field  surrounding  it.  If 
the  same  current  traverse  both  the  fixed  and  the  suspended  coils, 
the  rotating  Qouple  is  proportional  to  t2,  and  therefore  to  the 
energy  of  the  current. 

The  two  coils  have  the  respective  mean  radii  r  and  wa  r  the  greater,  l»  the 
less  ;  the  respective  numbers  of  turns  are  n  and  nt ;  when  the  plane  of  the 
suspended  coil  makes  with  the  plane  of  the  larger  coil  an  angle  0,  the  couple 
tending  to  bring  the  two  coils  into  the  same  plane  with  their  currents  opposed 
is  £.  2«4.r2.  tin,. sin  6 .  /r.  If  I  and  /,  he  the  lengths  nf  wire  in  the  two 
pemlan  may  be  written  as  it-.  //_ .  r  .  sin  0 .  /r'. 

If  the  current  to  Iks  measured  be  a  rapidly  alternating  one,  the  result  is 
the  same  a*  if  it  were  constant ;  it  is  reversed  in  l">th  mils  at  the  same  time, 
and  the  algebraic  sign  of  **  is  ulwayB  positive. 

If  the  movable  coil  be  free  to  slip  up  and  down  the  axis  of 
a  fixed  coil  in  which  a  current  is  passing,  the  inner  coil  may 
sucked  in  or  repelled  with  a  force  which  may  be  balanced  and 
measured  by  known  weights :  or  if  the  current  in  the  suspended 
coil  be  variable,  the  tension  tending  to  draw  it  in  to  the  fixed  coil 
may  be  made  to  act  against  a  spring,  and  graphically  to  record  its 
own  variations  open  a  uniformly-moving  piece  of  paper. 

The  principle  of  the  dim  n-ntial  galvanometer  may  be  here  applied,  as  in 
Prof.  LangleyV  TbtnnSe  laUim-.  The  suspended  coil  is  composed  of  two 
separate  wires  wound  together,  but  insulated  from  one  another:  a  single 
current  it  dMd£d  into   bWO  b   run  in  opposite  directions 

Ugh  the  two  wires  of  the  oofl  ;  there  is  no  effect  The  least  variation  in 
on  of  these  moieties,  as  when  the  BftldBfltfrHjJ  of  its  path  is  affected  by  the 
local  uj'|'li<ati<-ii  of  heat,  causes  imjvrfVit  fcmiJUIltlilll.  and  practically  a 
small  uncompensated  etJBVnt  passes:  however  fotbk  this  may  be,  it  can  be 
KUdeBed  iiiuiil>t  and  measurable  by  increasing  the  strength  oftM  magnetic 
Held  within  whieh  the  double  QOfl  iJ  niisptMided. 

The.  j»art  of  tin-  divided  which  lieat  may  h«e  locally  applied  may 

be  an  exceedingly  thin  strip  of  platinum.  This  amy  bt  moved  Op  and  down 
say  in  the  dark   region  of  the  spectrum.      In  some  places  it  is  heated,  in 

KB — "lark  hues — it  is  not      By  thus  groping  in  the  dark  it  diM 
dark  lines  and   the   specially   "bright"   linen  of  the   heat-spectrum.       An 
instrument  of  this  kind  is  sensitive  to  differences  of  temperature  of  ^  j-fae,, 

Electromagnetic  Measurement  of  Resistance. — If  ■ 
wire,  radius  r,  area  rrr-.  stand  at  right  angles  to  the  n  ridian  it  will 

.Mil.race  II  lines  of  terrestrial  magnetic  induction  per  iq.  cm.  OX  II  .  rr3  lines 
over  its  whole  area  ;  if  it  be  turned  round  a  vertical  nxiH  through  180*  it  will 
come  to  embrace  H .  wr*  lines  oppositely  directed  with  reference  to  it :  the 
number  of  line*  of  force  or  induction  DMrfDg  AfOOgfi  it  lias  therefore  bean 
increased  or  decreased  by  2H. irr1.     ']  i  wire  thus  rotated  (Earth- 

>  ii  -I  u  etor)  l)ecomes  the  seat  of  a  current  whose  E.M.D.P.  is  numerically  equal 
to  2H .  vr*  in  electromagnetic  unit*,  and  whose  intensity  i*  i  =  2H .  «*/R<, 
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w  here  R  is  the  resistance  (also  measured  in  electromagnetic  unitH)  and  t  the 
time  occupied  in  the  rotation  through  1 80°.  If  a  small  needle  be  suspended 
8t  the  centre  of  this  rotating  circle,  that  needle  will  be  deflected  ;  the  rotating 
circle  acts  somewhat  as  if  it  were  its  own  Thngenfrgalvanometar  ;  but  instead 
of  a  deflection  8  such  that  tan  $  ■  i  .  Ar.ll/rS  where  n  is  the  number  of  coils 
and  r  thru  BMBO  radius,  we  have  (approximately)  tan  20  =  i  .  r2 .  u2yrH. 
Bui  t*  -  211  .  rf*/Bi ;  whence  tan  20  =  Sr-V-V/R/.  If  I  be  the  Kfflfa 
part  of  a  second,  the  coil  will  make  N  oamplete  turns  per  second  and  tan 
10  =  4Nxan2r/H.  Therefore  R  =  4Nir*w2r/tan  20.  Of  these  quantities,  n  the 
number  of  coils  and  r  their  menu  radius  are  obtained  bj  measurement  ;  tan 
20  is  the  ratio  between  the  scale-reading  (straight  scale)  and  the  dil 
the  scale  from  the  mirror  fixed  to  the  centre  of  the  deflecting  needle  ;  N  can 
be  read  off  on  a  speed- indicator.  When  the  resistance  is  so  Adjusted  that  to 
a  speed  N  there  corresponds  a  deflection  0  such  that  the  product  above  (with 
due  corrections)  is  numerically  equal  to  1000,000000,  the  resistance  em  pi  • 
is  equal  to  one  Ohm.  This  is  the  principle  of  tin-  qh  tliod  by  which  the 
British  Association  Committee  on  Electrical  Standard*  constructed  the  ori- 
ginal standard  Ohm. 

Measurement  of  the  Capacity  of  a  Conductor  or  Condenser. 
— Th«'  rnj'W  <  ity  is  C  =  Q/V,  and  therefore  we  can  fun  I  the  nine  of  0  if  we 
tind,  In  bum  "i  units  of  the  same  system,  the  quantity  Q  with  which  a  body 
is  charged,  and  the  potential  V  to  which  this  charge  raises  it.     This  potential 

V  may  be  the  difference  between  the  potential  of  the  body  charged  and  that 
of  the  earth,  or  it  may  be  the  difference  betwe.  n  tin.  potent£i2l  of  the  opposed 
plates  of  a  condenser. 

This  is,  however,  not  a  convenient  method  ;  and  the  practical  method  is 
first  to  construct  *i  •  itn  of  known  capacity,  and  then  to  compare 

the  capacity  of  the  body  examined  with  these  standards. 

Standard    Condensers. —  Suppose   a  eondnetoz    of   capacity   C   and 
bearing  a  charge  Q  to  be  discharged  through  a  known  resistance  wlmh 
includes  a  galvanometer  ;  the  resistance  being  so  considerable  that  th»- 
charge  is  far  from  instantaneous.     The  initial  potential  of  the  conductor  is 

V  =  Q/C.  A  current  will  pass  through  the  galvanometer  hut  will  con- 
tinuously diminish  in  intensity.  At  the  end  of  time  t  lot  tin;  potential  have 
sunk  to  v  which  is  the  nth  part  of  V,  and  the  charge  bo  7;  and  at  the  end 
of  a  very  small  further  interval  &,  let  these  have  further  sunk  by 
amounts  v  and  q  lvpcetively.  Then  the  quantity  which  has  escaped  in 
time  or  is  jt  which  is  necessarily  equal  to  Cr;  it  is  also  equal  to  the  instant- 
aneon8  intensity  t  multiplied  by  the  time  of,  and  this  product  is  equal,  by 
(Hun's  law,  to  (WR)  x  St.  II  .->  06,  or  St  =  CR.i,'i.  Ptnm  this 
we  find,  by  meanB  of  the  Integral  Calculus,  that  the  time  which  must  hare 
elapsed  ImIwwU  the  initial  instant  at  which  the  potential  hod  l<  ,  that 
instant  at  which  the  potential  bad      ink  to  v  is  equal  to  CR  log  (V/t).      But 

hi    ragpoattfa]   this  time  is  .',  and  the  ratio  V/»  is  e^ual  to  n.     Wh 
t  =  CR  log  n,  or  C  =  t/R.log  n.     If  we  observe  the  successive  values  of 
the  earrenl  intensity  at  equal  infa  \<>-  can  And  the  value  of  n, 

and  then,  knowing  the  value  of  R  in  electrostatic,  in  electromagnetic,  or  in 
practical  units,  we  can  find  the  corresponding  value  of  C,  the  capacit] 
units  of  the  corresponding  system. 

Comparison  of  Capacities. —  1.  De  Sauty's  Bridge-method,  appli- 
cable to  small  capacities.  Two  condensers  of  capacities  C  and  0  ,,  if  charged 
to  the  same  potential  V,  must  be  charged  with  the  respective  quantities  1 
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V.  ll  0Q0  ui  these  be  discharged  through  a  resistance  R,  for  time  St, 
the  current  which  is  set  up  is  of  mean  intensity  it,  and  the  quantity  passing 
in  time  8l  is  »',.&  But  this  is  equal  to  the  fall  in  Eta  value  of  Q  during  the 
time  St ;  that  is,  to  9.  But  7  =  Cr .  Whence  1,  =  O  <v,  and  R,,  which 
varies  inversely  as  t,,  is  j»r«>j...rtional  to  oV/Ci\      Similarly,  if  I  i'    h urged 

by  a  current  of  inter;  -ugh  a  resistance  Rm,  that  resistance  must  bear 

the  same  proportion  to  ttfCjrm;  and  if  i\ (,  the  fall  of  potential,  be  the  same  as 
in  condenser  C ,  that  is  u  ••   -  1    .  then  the  equation 


!\  R„ 


ft/CA 


c.,/c, 


c„ 


lilOWl  th;it  the  Resistances  through  which  the  two  condensers  churged  to  equal 
[Mitriiti.ils  nnist  be  discharged,  in  order  that  the  }»oteutials  of  the  two  con- 
densers ma}'  fall  concurrently  and  remain  per*i><tently  equal  to  one  another, 
must  be  inversely  ["qportlfftol  to  the  PMneotifO  Oapaatiai  of  flu  bodies  di-- 
jod  through  them. 

Thi»  being  postulated,  the  arrangement  of  the  apparatus  is  indicated  by 
ISA.     A,  a  battery  ;   K,  |  key  with  whicli  the  wire  B  may  be  at  will 

either  with  the  buttery  A  or  directly  with  the  earth,  or  else,  us  in  the 
,  isolated  from  these.     When 
the  battery  is  connected  with  B,  the 

users  C,  and  0^  are  clr. 
through  the  resistances  R/  and  Rti. 
1  t,  then,  A  with  B  for  a  certain 
time  :  disconnect  The  two  con- 
densers if  not  already  at  equal  K~ 
potentials  soon  become  so,  for  an 
equalising  current  traverses  EOF  ; 
When  equalisation  is  cm  ~~ 

needle  of  the  galvanometer  O  re-        - 
tarns  to  r>  put  B  to  earth.     * 

The  charges  of  Cf  and  C4t  escape 
through  Rt  and  B  respectively.  It" 
the  imflflllfCi   l\  be  disproportion-  Pi*.  255. 

ately  great,  the   OQlfloW    through    it       ' 

i-pi. .p. it Tismat.-l v  small,  ami   t:  mks  faster  than  that  at 

t  sonant  therefore  jKisses  from  E  to  F,  and  the  galvanometer-needle  in 
eted.  If  R,  :  R„  :  :  C  (  :  Qfi  the  galvanometer-needle  remains  at  rest, 
f'.r  the  potentials  at  E  no  F  m  tin -y  -:nk,  sink  together  and  are  concurrently 
equal  to  one  another.  If  (herein*  we  adjust  the  resistances  R,  and  R_,  until 
find  that  on  effecting  the  three  operations — (1)  connecting  B  with  the 
battery  A  ;  (2)  isolating  B  Inuii  A  until  the  galvanometer-needle  cornea 
to  rest  ;  (3)  putting  B  to  earth  the  last  of  these  is  followed  by  no  deflec- 
tion nf  the  galvanometer-needle,  then,  since  we  know  the  relative  values 
of  the   i.  U    and   R  ,  we  know,   inversely,   the   relative   values  of 

1  IM  C  ;  and  as  one  of  these  capacities  is  a  standard,  we 
are  thus  enabled  to  state  absolutely  the  actual  value  of  the  eaj«acity  to  be 
meaenred 

2.   Compensation-method.       If  a  wire  Ca  Zn  (Fig.  256)  conn<- 
polei  of  -i  betl  !  with  thfl  earth,  the  • 

of  that  point  j'iu-1  beoomo  e<|i.,.; 

bet  v.  itlei  of  the  wire  remains  iinafTected,     The  positive  potential 
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at  Cu  (Fig.  256)  bears  to  the  negative  potential  at  Zn  a  numerical  ratio,  the 
same  as  that  between  CuO  and  OZn  ;  for  obviously  CuA  :  ZnB  : :  CuO :  OZn. 
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Let  now  between  the  points  Cu  and  0  a  resistance  of  reduced  length  R, 
be  placed,  and  between  the  points  0  and  Zn  a  resistance  of  reduced  length 
R„.  The  potential  at  a  point  just  between  R,  and  Cu  and  the  potential  at 
a  point  just  between  R„  and  Zn  bear  to  one  another  the  ratio  of  R, :  R„.  If 
these  potentials  be  +  V,  and  —  V„  respectively,  we  have  V, :  Y4t ; :  R/ :  R//t  Let 
these  two  points,  at  potentials  V/  and  —  V„  respectively,  be  connected  with  two 
condensers  of  which  the  one  has  standard  capacity  C„  the  other  the  capacity 
C„  to  be  determined.  The  two  condensers  will  become  charged  to  the  respect- 
ive potentials  V,  and  V  / ;  but  the  aim  is  so  to  adjust  the  potentials  that 


+y 


Fig.  267. 


Cu. 


Zn. 


these  condensers  shall  be- 
come charged  with  equal 
but  opposite  quantities  of 
electricity.  Suppose  this 
adjustment  to  have  been 
effected.  Then  Fig.  257 
illustrates  the  successive 
operations. 

(L)  Connect  at  D  and 
E.  The  condensers  become 
charged  to  potentials  + 
V/  and  —  V„  respectively. 
They  are  therefore  charged 
with  quantities  +  C,  V, 
and  —  C„V„.  Disconnect 
at  D  and  £. 

(ii.)  Connect  at  F.  The 
two  charges  +  C,V,  and 
—  C„V„  blend,  and  there 
remains  in  the  conjoined  condensers  a  residual  charge  of  (C#V,  -  C,  VJ, 
which,  if  C/V/  =  C„V„,  is  equal  to  zero. 

(ill)  Connect  at  H.  The  residual  charge,  if  any,  runs  to  earth  and 
deflects  the  needle  of  the  galvanometer ;  if  none,  there  is  no  deflection. 
There  is  no  deflection  when  C,V,  -  C„V„.  But  V, :  V„  : :  R, :  R„.  Therefore, 
when  there  is  no  deflection  on  making  contact  at  H,  C,R,  =  C„R„  and  the 
capacities  C,  and  C„  are  inversely  as  the  corresponding  resistances. 

Adjust  therefore  the  resistances  R,  and  R„  until  there  comes  to  be  no 
deflection  of  the  galvanometer-needle  after  operation  (iii. ),  and  from  the  known 
ratio  of  the  resistances  we  find  that  of  the  capacities,  for  R,/R„  =  OJCt. 
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It  will  be  kept  in  mind  that  all  our  statements  as  to  positive 
and  negative  quantities  and  currents  are  based  upon  the  purely 
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arbitrary  convention  that  vitreous  electricity  is  positive,  and 
resinous  electricity  negative.  This  convention  happens  to  har- 
monise with  that  which  regards  the  north-seeking  end  of  a  magnet 
as  its  positive  pole.  We  do  not  really  know,  however,  in  what 
direction  an  electric  current  travels,  or  whether  it  may  not  be — 
as  there  seems  some  reason  for  believing  that  it  is — the  sum  of 
two  opposed  currents,  propagated  simultaneously  from  the  two 
poles  of  a  battery. 
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mente"  (Hartleben's  Bibliothek). — Andrew  Gray,  "Absolute  Measurements 
in  Electricity  and  Magnetism." — Day,  "  Exercises  in  Electric  and  Magnetic 
Measurement." — Culley's  "Handbook  of  Telegraphy." — Schwendler's  "In- 
structions for  Testing  Telegraphic  Lines." — Kempe,  "  Handbook  of  Electrical 
Testing." — Hoskier,  *'  Guide  to  Electrical  Testing." — Preece  and  Sivewright, 
4 '  Telegraphy. " — Latimer  Clark  and  Sabine,  ' '  Electrical  Tables  and  Formulae." 
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INDEX. 

The  Darker  Figures  serve  as  a  Guide  to  the  more  Explanatory  References. 
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Aberration  of  Light,  471,  473 

Aberration,  Chromatic  (non-coincidence  be- 
tween the  foci  for  different  colours,  etc. ), 
600,  529 ;  Spherical,  of  lenses,  498  ;  of 
mirrors,  487 

Abnormal  Dispersion,  494 

Abscissa,  11 

Absolute  Potential,  587 

Absolute  Temperature,  284,  339 

Absolute  or  C.O.S.  Units,  13 ;  see  Units 

Absolute  Zero,  339,  367,  453 

Absorbents,  455,  461 

Aiworption  of  Actinic  rays,  450,  461,  466 ; 
of  Energy  during  change  of  State,  331 ; 
or  Ether- waves  by  the  atmosphere,  450, 
461 ;  of  Gases  by  solids,  306,  by  liquids, 
305  ;  of  Heat,  461;  of  Light,  462 

Absorption-bands,  463 

Acceleration,  17,  68  ;  mean — ,  17  ;  in  Cir- 
cular motion,  77,  147, 190  ;  in  a  Curved 
path,  79  ;  —  due  to  Gravity,  19, 191 ; 
The  Parallelogram,  etc.,  of  — s,  67;  — 
Positive  or  negative,  68 ;  — in  S.H.M.,  81 

Accelerated  Motion,  68,  153  ;  compounded 
with  uniform,  70  ;  under  gravity,  189 

Accommodation  of  the  Eye,  527 

Accumulator,  547,  596,  611 

Achromatism,  493 ;  achromatic  Lenses,  500 

Actinic  Kays,  446,  466,  468 

Actio  Agentis,  58 

Action  =  Force,  19 

Action  (Maupertuis  and  Hamilton),  58 

Action  and  Reaction,  6,  23 

Activity,  41, 58, 174;  of  dynamo-circuit, 652 

Adhesion,  36,  239,  240,  815 

Adiabatism,  333  ;  adiabatic  Lines,  363 

Adiathermancy,  460,  466 

Aelotropic,  630 

Affinity,  Capillary,  261;  Chemical,  61, 
239,  304,  332,  561,  563 

Air,  density  of,  301 ;  air  dissolved  in  water, 
305;  air-gun,  44;  air-pump,  302;  air 
liquefied,  358  ;  mercury  air-pump,  318  ; 
Sprengel's,  303  ;  air-thermometer,  869 

Ajutages,  281 

Alcoholometer,  207 

Alternating  Currents,  648  ;  in  Electrodyn- 
amometer,  663 

Altitude,  12 ;  —s  indicated  by  the  Baro- 
meter, 823 
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Amalgamated  Zinc,  834,  562,  565,  611 

Ammonia,  383 

Ampere,  328,  583,  660 

Ampere -currents,    634,    642,   643;   their 

direction,  634 
Ampere's   Formula,   616 ;   his   Theory  of 

Magnetism,  619,  633 
Ampere-volt  (  =  "Watt"),  40,  592,  660 
Amplitude  in  S.  H.  M. ,  81 ;  of  Vibration, 880 
Analyser,  514 
Analysis  of  a  complex  Harmonic  Motion 

(Fourier's  theorem),  101;  of  a  Sound,  394 ; 

of  a  Vowel,  441 ;  Chemical  analysis,  202 
Aneroid,  322 
Aneurism,  268 
Angle  of  Capillarity,  256;  — of  Incidence, 

118,  124,  480 ;  Limiting  — ,  168  ;  — 

of  complete  Polarisation,  488;   of  Re- 
flexion, 118,  480;  of  Refraction,  124, 

480;  of  Repose,  168 
Angular    Velocity,    74;    in  S.H.M.,  82; 

Dimensions  of  — ,  74 
Aorta,  292,  299 
Aperture,    Wave  traversing  an,  114,  115, 

128,  135,  136,  137 
Aplanatic,  518 
Approximate  Foci,  127,  487 
Aqueous  Vapour  in  the  Air,  860,  457 ;  — 

particles,  534 
Arc-lamps,  602 

Archimedes'  Principle,  272,  309 
Areometer:  Fahrenheit's, 208 ;  Nicholson's, 

208    . 
Armature,  641 
Arrival-curve,  595 
Arterial  tension,  298 
Aspiration,  314,  315 
Astatic,  633 

Astronomical  Units,  189 
Atheroma,  289,  800 
Atmospheric  Electricity,  575 
Atmospheric  Pressure,  213,  270,  312-324 ; 

Standard,  324' 
Atoms,    222,    228;    chemical,    222-228; 

physical,  228-286;  size  and  nature  of, 

229  230 
Atomic  Heat,  340,  841 
Atomicity,  227 

Atomistic  Chemical  Formulas,  225 
Attraction,  175;  in  particular  cases,  176; 
X 
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—,  177.     ( 

ft-nntfcod  -  !'•'  Sioty**,  664 1  In  b> 

— ,  256 ;  Electric,  532,550 ;  Magn. 

,  650 

Attwood's  machine,  34 

Hriiish  r.  :■                            '   foot,  Ponnd, 

Andipoooe,  433 

Second),  13 

Auditory  nerve,  435 

•244 

Arailabili- 

Broadside-method,  624 

Arrogadro,  225 ;  Avvogadro's  1 

BobblM  in  1  «nling,  356;  soap  —  electrified. 

cal),  226;  (phyaical),  282,  233 

536 

Axes:    Crystalline   Ana,    509,    510.    514; 

Ill- 

Magnetic  Axis,  619  ;  of  Reference ,  66, 67, 

Bull-                ,144 

71:    of    Rotation,    74;    of  Spontaneous 

Bumping,  356 

Rotntion,  159 

Axle-friction.  1 7  <• 

Callipbjis 

Azimuth,  12 

Calorescencc,  469 

1 

Babinbt's  Compensator,  520 

Calorie,  872 ;  calorie,  328 

Balance,  34,    161 ,-   Bprtog    Bal 

Calorimeters,  372 

Longley's    Thermic    Balance,  501,  509, 

Calorimetry,  372,  4  7'. 

663 

Camera  obscure. 

Ballistic  Culvauometer,  662  J  —  Pendulum, 

pbor,  264,  IM 

199 

1       iiohouc,  contraction  on  heating,  335.349 

Banrl  *pivtnim,  4.r.'.',  460 

Capncity,  543,  552,  570 ;  of  a  sphere,  544. 

Banjo,  U5 

660;  of  polarised  electrode* ,  61  ' 

Bar-raagne 

parison  of  — «j  664;  Staodards  of 

Barometer,  317;  aneroid — ,  322;  — ver- 

nier, 27 

238,  256,  271 ;  angle  of,  256 

Barometric  column,  316;  —  Pressure,  see 

Ury  Blood>easels,292 ;  —Tubes,  Flow 

AtraosphtTi 

through.  292,  293 

Basilar  HMO 

Capstan,  163 

Basis  of  support,  194 

ii  mono^  221,  223,  304 

Bassoon,  417 

Carbonic  anhydride,  217.  .                  ::02, 

Bat                                   :  +  and  -  terminals 

(solid),  338,  347,  358 

Of.  •'■  •                                    Thermo-elec- 

Cirnot's Cycle, 363 ;  C.'s  id-                   EM, 

tric  — ,  575 

365;  &'•  Function,  365;  C.'s  1 

Beats,  98,  423.  437 

365 

Becquer.                              nee-effect,    468, 

Casca                      Eon),  549 

i ;  hi*  Then 

Cast,  iron,  889,  304 

Beetx's  dry  Oil.  507 

Cathctometor,  27 

Bcll-crouk,  166;  Oscillation  nnd  Swinging 

Causality,  Law  of,  3 

or  s  hell,  410,  411 :  Vibration  of  a  U-11, 

Qmdm  ni.i  .  ti^-r.  z 

410 

Caustic  bj 

BfttttOf,  170,  174 

tion,  126,  127  (see  Spherical  Aberration! 

Ben                 —  vapour  in  space,  236, 463 

Cavendish's  experiment,  189 

Biaxi:tl  cry-Htnl*.  514 

various  forms,  564- 

Btehra               566 

569,  610;  Belli    coupled   in   surface,    in 

Billlar  Suspension,  200 

series,  564.  585,  586;  arrange 

Biology,  1 

l.D.P.  of  measured,  563,  591 ; 

BIprian,  5io 

internal  Resistance  measured,  592 

i.rtz,  524 

i  ide  thermometer,  870 

581 

1  'ill  i  metre.  11 

Blackburn's  penfahn,  196 

.  72.  142.  150.  192,  246, 

'.08 

411;  ofG 

Blue  colour  of  opalescent  hoiliei,  466,  484 

152,  19S;  of  1                   152,  198 

Hilt-hot  45'.: 

"Centrifugal  Force,"  147 

Body  suspended,  152,  194 

C.G.S.   (Centigr.                   tnc-Sccoud)  or 

Boiling,  355;  boiling-point,  291,  262,370; 

Absolute  System,  13.  588 

h.-pt.  st  ait                *uree,  357 

Change  of  Direction,  18,  67 

Bolometer (Thr:        !           »), :"» i ) I ,  .109,663 

Change  of  E 

Bombardon,  419 

Change  of  Motion,  6 

Bound  charge,  542,  547,  576 

Change  of  State,  220,  330-333 

Bourdon's  steam  gauge,  274 

Change  of  Velocity,  17 

Bow  (and  Arru»\  .  14  J  •  i  \  olio,  401,  407 

Character  of  Sound.  881 

Boyle'*  Law,  215,  233.  236,  237,  80S, 

Charge,  51,  533,  542;   Division  of,  548 s 

345,  363;  in  th.    h>            ]        rv,  233; 

"tree"  and  "bound."  542.    547.    576; 

in  case  of  Vapours,  359                                    Static  charge  of  I 

Breaking  weight,  149,  174,  243                    1  Charles's  Law,  234. 

INDEX. 

Chemical  Action  as  a  source  of  electrical 

Compensation- Method   of    Oompadnsj  of 

euergv,  581;  —  Ailit.uv,   51,  239,   304, 

Capacities,  665 

332,561,:-                                    -20;  — 

Cnini'ousation-Pcndulum,  350 

Effect   of  electric   current,   601-613;    of 

Compensator  in  Saccharimeter,  624  ;  Bsbi- 

1  1 ;     -  Kquivnkti' 

Kmi  Compensator,  520 

—  Equivalents.                       -  Formula?, 

Complementary  Colours,  461 

:;  —  Ray*.  IIS;        Work, 

:.  228 

196 

Chcval-vapenr,  41,  592 

Complex  Harmonic  Motion  ;  see  Fourier- 

Chimney  roaring,  MS 

mot 

Chirp  of  insecta,  380 

Complex  Bound-waves,  398 

Chlorophane,  470 

t-onenta  of  a  Force,  139;  nJ  a  Fonrier- 

Chlorophyll,  48,  466,  526 

Lon,  380  ;  of  a  V  I 

Chromatic  Aberration,  500,  529 

Comp                   i  of  a  Note,  382,  394 

Circle  of  Refer?!..-  in  S.H.M..  B 

n  of  Forces,  139 

Cir-                              .62,  563;  closed,  561 ; 

Composition  of  Rotations,   74 ;  of  Trans- 

Galvanic,  663;  Positive  aide  of,  617 

renal                               t  Uniform  v. 

Circular   Motion,  67,   77,   147 

Accelernt                                                      lo- 

S,H.M.**,86 

citiev                     .re  thon  two,  65 

Circular  Polarisation,  477,  517, 

Composition  of  BLfl  at 'a,  85-101 

620 

Coarjxnmd  I'i'iiiiniinii,  198 

CUmond's  Thermo-electric  Pile,  ."74 

Compressibility.  241  ;  of  gases,  801 

darioaeti  417 

Concertina,  378,  407.  416 

Clepsydra,  33 

•naatiou  of  gases,  216;  condensnt 

Clerk  Maxwell ;  ste  Maxwell 

temperature,  360 

Clock,  Energy  in.  44  ;  lYmlnlum,  33,  196, 

Condenser,  634  ;  547,  696  ;  in  submarine 

360  ;  Wheelwork  in,  S3 

telegraphy,  596                     ,649 ;  Stand- 

Cloted Circuit,  661 

ard  —s. 

Cobbler  ■  Wax,  211 

Condenser  and  Bt                                     M64, 

Cochlea,  433 

600 

Coefficient    of                                  J  41  ;    of 

Conduction  of  Heat,  373  ;  in  gases,  234 

.l.iltty,  262; 

leal,    678,    580;   for 

of     Elasticity.    246,    298  ;    of    Elastic 

Heat,  37:;                                           7  1; 

Restitution,    246;   of    Electroat.: 

584 

dactioo,  550,  652;   of  Expansion 

..".60 

242  j  of  induce  I 

Conductors  of  Electricity,  541,  652  ;  Cur- 

uf MagnettV 

rent  in  homogeneous  — ,  584  ;  in  bet- 

629,  633  ;  of  Mutual                     f  Cur- 

geneous  — ,  587  ;  in  mi                     l»ad  — 

rente,  639,  668  ;  of  Reeista&ce  to  exten- 

of Heat,  375 ;  Static  Charge  of,  649, 592 

sion,  244,  to  •hear,  245,  to  torsi..! 

Congreas-Ohm,  581 

of  Restitution,  in  impact,  146,  in  elaati- 

Koergy,  188 

244  |  ol    R 

.'•35 

«i39,  658  ;  of  Solu 

rration  of  I                    16,51,  214. 

of  Transpiration,  307  ;  Of  Viscosity, 

el  passim 

212.  285,  293 

.■nation  of  Force,"  51,  140 

Cocrcitivc  Force,  628,  631,  633 

Conservation  of  1                     179 

Cohesion,  239 ;  solids,  240  ;  liquids,   237, 

Conservative  System,  43,  1 75.  - 1 7 

252,320 

Constancy  of  Nat. 

ion  figures,  259 

Contact  of  Met:.: 

;  .-ir,  447,  148  ;  by  transmitted  light, 

of  Non-condu. 

by  rollected  light,  464  ;  mixt 

Contact-breaker,  641 

produced  by  interposed  double-re- 

Contact in  Friction,  169 

fracting  lamina,  619,  520 

Continuity   between    liquids    and    Gases, 

Coloured  1                          18;  compound,  450 

218.    287,   459;   between    Liquids   and 

..  465,  466 

0,  223 

,  603 

ity,  Law  of,  277,  309,  652 

mow  Spoclrmn, 

Colloids  262 

Contraction  on  Heating 

•nal  Tones,  438 

BetfOB  of  1                       l  onvection-. 

Combining  Prop- 

rents,  376;  Electric  C                 .599 

Combustion-equivalent 

Ml   as  to  Attraction  -  and 

Combtmt                   ■!.  48,  329,  $82 

pulsion 

Comma,  389,  1 

as  to  Oraviut:                    1, 180;  Noi 

Commensurable,  91,  101 

seeking  pole  of  magnet  Positive,  620,  fl 

i 

astnl'lM                               476;  Vitreous 

Communicating  Vases,  271 

electricity  Positive,  534.  667 

676 


INDEX. 


Convergent  Lenses,  494,  496 

Convergent  Roys  or  Beam,  116 

Cooltm-  vaporation,  357;  in  still 

air,  376 ;  Newton's  law  of,  376 
Copper  electronegative  itive  iu 

the   battery,  658,  661  ;  —  cast  under 

water,  338 
Cnni.-t,  419  ;  cornet  of  guttapercha,  419 
Cornopean,  419 
Corona,  609 
Corti,  434 
Oratanb.  588,  0M 
Coulomb's  Torsion  Balance,  665 
Counterpoising  of  Forces,  36 
Conple,     158;    equilibrium    of,    159;    ex- 
amples of,   158  ;  Moment  of,  158,  6122, 

magnetic,  614 
fVauk,  87 

Crest  and  Trough,  103 
Critical  State  of  Matter,  216;  Temperature, 

21.7,  221,  236,  858 
Crookes's  Layer,  336,  338 
Crooks  of  Trumpet,  419 
Cross t  i  .  520 

Crashing,  211 
CryophoruB,  357 
Crystalline  form,  236 
Crystalloid-,  262 

Crystals,  Axis  of,  609 ;  Biaxial,  514  j  Con- 
I  'ii  of  heat  in,  375  ;  Expansion  in, 

348  :  negative  douMy-r.:- 

fracting,  513 
Currents,  539,  568,  678-619,  656 ;  Dlrec- 
S2;  Mutual  a-  :i  u  i  l  < '.'urrent*, 
*J37  ;   Current  Sheet,  634  ;  —  in 

Telephones,  649 
Comtnre,  77  ;  Radius  uf,  77,  78,  147 
Curve  of  Sines,  83 
Curved  path,    56 ;    Acceleration    in,   77 ; 

Velocity  in,  58 
Curved   Wave  -  Front :    Reflexion  of,  1 1 8  ; 

Refraction  of,  126 
Cyanit.-,  619 

lot's.  363 
Cyclical  order,  62,  65,  590 

D Alton's  Atomic  Theory,  224  ;  D.'a  Law  of 

gaseous  pressures,  234 
Damp  air  as  an  insulator,  541 
Damping,  276,  285,  637,  647 
Dan  irious  forms,  566  ;  its 

E.M.D.P.  computed,  608 
Dark- Heat- Wave*,  446 
Dark   Lines  in  Spectrum,   457  ;  in   II  eat  - 

Spectrum,  663 
Dead-heat,  647 
Dead  point*  of  a  Crank,  87 
Decay.  331,  470 
ution,  626 
Decomposition,  220;  of  Water  by  cl. 

lysis,  606;   by  a  (trove  cell,  not  by  a 

DanielL  609.     See  Dissociation. 
Deferred  Restitution-prmwiire,  248 
Degradation  of  Energy,  367 
Degrees  of  Freedom  of  a  Particle,  71  ;  of  a 

Rigid  Body.  ft 


Deuser  medium.  Wave  entering,  122 ;  Wave 

leaving,  I 
Densimeter,  208 
Densities  of  gases,  226,  233,  801,  382 

.  measurement  of.  206  209, 271 ,  272. 
352;  measurement  of  Vapour- 1  •■ 
369 
Density  of  Air,  301 ;  of  the  Earth,  189;  of 
Ether,  819;  of  Hydrogea,  209,  301 ;  of 
r,  205  ;  of  Water,  13,  205,  209  ; 
maximum  D.  of  Water,  332,  334 

.   Electrical  superficial,  634,  552 ; 
Optical,  472 
Derived  Currents,  589 
Dermis,  266 

De  Santy's  Comparison  of  Capacities,  664 
Deviation  :    minimum,    491  ;    I>. 

rsion,  492,  493  ;  dispersion  without 
D.,  493 
Dew,  361  ;  dewpoint,  860 

-rotatorr,  523 
Dialysis,  265 
Diaraagnetic,  628,  630 
Diathermancy,   460 

la  scale,  887 

Dicrotic  pulse,  299 

DJalaetrio,  641,  544,  547;  Energy 
— ,  551,  652 

Difference  of  Potential,  179. 

569;    Actual    D.P.   in    closed    circuit, 
689  ;  Electromotive  D.P.,540,  63 

—  measured,  566  ;   observed,  663-557  ; 
•  luoed,  557-678 

Differential  tJalvonometer,  650,  663 

ntial  Tone-. 
Diffraction,  fig.  77:  of  Sound-' 

of  I  .106 

Diffraction -grating,  •J.'-O,  508 
Diffusion  of  Oases  281,  234,  306  :   of 

quids,  230, 261 ;  or  Gases  through  Men 

branes,  307 
Dimensions,  Theory  of,  15 ;  —  of  Physical 

Quantities,  58,  74,  562,  684,  634 
i  ious  of  Space,  9 
Direct  Extra  Current,  641 
Direct-vision  Spectroscoj*,  493 
Direction,  66 ;  Chaugo  of  — ,  18,  67  ;  - 

Current,    562;   —  of  Electro  -m 

Lu  ,  'il4  ;  —  of  Magi: 

—  of  Sonnd,  437 
Discord,  437 

Discs,  vibration  of,  134,  409,  444 
Dispersion,  228,  472,  491 ;  abnormal. 

Irrationality  of,  493  ;  Dei 

— ,  492,  498 ;  —  without  Devin 

Dimtpttra  DaodoBi  536 

Dissipation  of  Energy  ;  Bee  Availability  ! 
and  Degradation  (367)  of  E. 

ition  of  Sound  in  air,  425,  429 

Dissociation,  227,  231,  330,  341,  604 

Dissonance,  437 

Distance,  Action  at  a,  .'•■ 

.«?nt  Lenses,  495,  497;  —  Ran, 

Dividing  Engine,  29 

Divisibility  of  Matter,  204,  222,  9?a 

Doppler'a  Principle,  430,  449 
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Double- Bass.  416 

Double  Refraction,  212,  509  rt  gtq.,  648 
refracting     I  .".'..    M!»  ; 

Power,  detection  of,  521 ;  Doable-refrac- 
tion Dynamometer,  522 
Drum,    178,  410,  413;   of   Ear  (raembr. 

tvmpa-.i).  i;i,  439 
Dry  bulb,  361 
Dry  pile,  569 
Du.-tility,  MS 
Dulong  and  Petit 'a  I  aw  nf  Atomic  Heat, 

340,  341 ;  of  cooling.  376 
In  Telegraphy,  650 
Duat,  537 ;  dust-haxe,  466 
Dynamo-electric  Machine ( ' ' dynamo  ").  3 28, 

575,  642-646;  Activity,  652;  Efficiency, 

652 
Dynamometer   (Force),   37  ;    (Energy!,  52 

Double-refraction  — ,  522  ;    Friction  — , 

174 
Dyne,  20 

Ear.  the  Human,  413,  431-436  ;  the  Ear- 
trun«|KSt,  394,  426 

Earth:  Crust  of,    213  ;    I  ISO;  — 

Inductor,  663  ;  Moss,  169;  aa  a  Magnet, 
634  ;  Positive    Pule   the  Southern, 
634  I  its  Potential  zero,  540;   Pull 
— ,  595,  665, 666 ;  Radii  of,  191 
MM  oi,    101;    —  in   Telegraphy,  580; 
Variations  of  g  over  — ,  22,  191 

Echo,  425 

Eddie*.,  284. 

Effect,  Cause  ami,  8 

Efficiency  of  Heat-engine,  364  ;  of  Carnot'a 
ideal  engine,  365  ,  of  EaactTOmotd 

Effuaion  of  Gaaea,  306 

Elaatic   Bodies,   their  Impact,    115,   146; 
E.  intenneiliary,  55,  250  5  —  Tul- 
through,   207-300  ;   K   Toiignueaa,   247 

Elasticity  in  Solid*,  238,  244.250;  in 
Uaaes  213,  301  ;  Perfect  and  In 
— ,  247,  249 ;  Limits  of,  247 ;  Fatigue  of, 
■al  examples  248  ;  Bfts> 
chanical  advantages,  55,  250. 
tiOM  doe  to  E.,  146.  234,  248  ;  Elec- 
—  of  Dielectric. 

raction,  632,  550  ;  —  Charge, 
533 ;  free,  542  ;  bound,  542 ;  —  C 
tion  or  Heat,  599  ;  Density,  534  ;  Dis- 
placement of  dielectric,  552  ;  Elasticity 
;'/,  61-, 
Force,  536,  552  ;  Puronr*,  603  ;  Light, 
449,   460.   602 ;  Mn<  tioual), 

560;  naginary),   535  ;  Quan- 

tity, 533  ;  Screen,  551  ;  Streae,  548  ; 
Tension,  536 

Electricity  ;  not  a  funn  of  Energy,   532. 
545  ;  Conservation  of  — , 

Electrocapillarity,     570;    Electro* -' 

Equivalent.  608  ;  Electxodynamometer, 
662;  Eltctrokinetic,  219.  542;  Elec- 
trolysia,  48,  304, 604  ;  Electrolyte,  662, 
568,  566.   604,611   (glass);    1 


magnet,   37,    632 ;   Electrometer. 
653;    Electromr.!  >uega- 

658,    562  :    Eh 
■plating      610  ;     Electrop' 
668,    562  !    Electroscopes,    534.     553 ; 
19,    542;   Electrostatic 
Units,  see  Units. 
Electrode*,  604  ;  Polarisation  of,  610 
ElectTomagn.  ,  614,  618, 

626,637;  —  Induction.  635;       I 
ter  for  tuning-forks    240,    413,    648  ; 
—  Linen  of  F  i  •■.  614,  618;  —  Measure, 
581,689,657;  '7,  660;  — 

Unit  of  Heat  (  =  Joule),  328,  592 
notive  Intensity.  640 
Element,  Chemical,  202,  204,  460  ;  Gal- 

!,  563  ;  Geometrical,  67 
Elliptical  Motion  ■  2  x.H.M.'a,  88 
Elliptie*Ily-}»oiari*e*l  light,  477,  517  ;  dfr 

tected,  519 
Bongatton  in  s.h.M.,  81 

E.M.D.P.,  Electromotive  Difference  of  Po. 
tential     (=     "E.M.F.,      Eli- Promotive 
Force  "),  539,  etc.,  678,  656  :  measured, 
563 
End-on  Method,  624 
Eudo.ituouc  Equivalent,  264 
Bnatgft    2,    41;    Potential    Erienrv,     12; 
1  .44.     Availability  of  h\.  19; 

Conservation  of,  7,  46,  51, 
sim  ;  Degradation  of,  861 
aentatinn  of  —  (arras),  51,  52-55,  361  ; 
•    ationof— ,  152;  Measurement  of, 
storage    of,  612  ;    Transformation* 
of,  46;  Transport  of,  612 
Energy  absorbed  or  evolved  during  Change 
of  State,  222,  331  ;  —  of  Conical  Pendu- 
-of  Dielectric,  661,  652;  — 
of  Electrified  Body,  645  ;  of  an  Electric 
Current,  48,  592";  in  Impact,  146,  147; 
Intrinsic  — ,  231,  330 ;  —  of  Jet,  2 
of  Molecules,  326  ;  E.  of  Niagara  Falls 
—  inca*eof  Repulsion,  177,  171 
—  of  Rotation  of  a  I 
Mass,  161;  —  of&ILM.,  137;  of  Sound- 
wave*.    441  ;   of  444  ;  —  in 

1 23  ;  —  of 
motion,  138,  350 
Engine  doing  and  not  doing  Work,  48,  327 
,  60,  366 

,  81,  101 
Eqnal  Temperament,  303 
Equalisation  of  a  Current,  613 

•  «•,  71 
BqnlMhrtum,    176:    StaMe,  unstable,  and 
neiitnl,  11  .uplea,  150,  661; 

Force*,  141  ;  —  of  Liquid*,  266 
librinra  position,"  38, 
Equlpot  cea,  181-187,  270,  875, 

687,  651,  014,  CIS,  621,  626 
Equivalence  of  Forces,  3 
Equivalence,    chemical,  223  ;  equivalent*, 

223 
Equivalent,  electro-chemical,  608 
Erg,  40 ;  Ergtca,  40 
Essential  Propertiea  of  Matte. 
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i  tbfl  Luminiferoiis  218  ;  itsl> 

219,  47*2, 

i ,444)  172 
Ether-Strew,  219,  536, 
Ether-Waves,  825,  443,  47 1  ;  their  length 

meannd,  br  Pressure,  526 

•i  >n,  231,  86$  :,ig  «lur- 

..■    |  B    ■ 

or- 

Lon  or  absorption  of  Energy  during 
Chauge  of  SUta,  331 
Exchange  of  Radiation;.  459 
Expansion  of  Gaae*  Indefinite,  213,  303, 
313;  ftTpUIwd, 

ion   by  Heat,  r,  348  ; 

Measurement  of,  350-853  ;  examples  of 
— ,  349  ;  —  in  hollow  bodies,  349 
Experimentation,  4 

itiou  of    Air- Potential,    575;  —  of 
274 

afldenl  <>r,  242 
Exteuaioiiuf  Matter  in  Thrte  Dimensions,  203 
Exterior  Work  dour  by  Heat. 
Extra  Current,  639,  610 
Extraordinary  Ray,  511,  513 
Eye.  500,  526 

hi  it  Thermometer,    !70  ;  F.  Zero, 

355,  370 
Fall  of  Potential,  584,  587 
Fall  under  Gravil  189;  —  down 

inclined  Plane,  164 
Farad,  660 

Faraday's  LsVRI  of  Elei 'trolysis,  607 
Faure's  Accumulators,  011 

.  275 
Format'*  Law,  130 

Of  Force,  186 ;  electric,  537,  542, 
r.  44  ;  elecla-omagnetic,  614,  G18,  988, 
637  i  magnetic,  621 

116 

its  of,  503 
Filtration,  316 

r  bladder  of,  301  ;  luminosity  of,  470 
Proportion    in   chemical    com- 
pimii.K  238 

.  474 
Flageolet,  418 

Flame.  330,  470,  531,  002  ;  a*  a  Reflector, 
425  ;  Singing  und  Sensitive,  420 

Ptafbll  Iflmm,  489;  Lenses,  498 
Flo  v.  :d  Charge,  552 

Flow  of  Gas,  311,  313 
Flow  of  1 1. ..-it.  374.  B75,  551 
Flow  ill  oes  producing 

,  21  \  | 

820  ;  —  through  rigid  Tube*,  2- 1 

—  in'  i 

Tubes,  297-300 ;  Steadiness  of  — ,  277 

Fluctuation  of  Energy. 

Fluid,  210  :         I  n,  170  ;   Pre 


Fluorescence,  448,  450,  467 

Fliltr.    Ufl 

Fluxion-notation,  58 
PJjwbool,  87,  151,  152 
Focal  Length  of  Mirror  ( = distance  of  prin- 
cipal focus),  467  .  od  Lao*, 

1 10  |    toprextma       t       .    127. 

487  ;  -  -  ■•!  17 J     principal  — , 

187  ;  conjugate,  187  ;      of  Lena,  495; 
real,  495;  virtual,  495  ;  principal,  496; 
conjugate,  496;  Heat  Focus  and  Photo- 
500  ;  Focus  o 
■ 
,  466  ;  Bound  through,  423 
10 

10  ;  foot-pouudal,  40 
1)  Any  Cause  of  Motion,  4,   19; 
(2)    Actfflll  b  no,    19  ;   (3)  Time  -  Rate 

of    Changi    of    Blomeatam,    10. 

282;    (4)    Spare- Ha :•  igl    of 

Energy,    40.     09 

bodies,  19,  39  ;  : 

have  Work 

-I   — ,**   147   160  ;   "C<ms<  i 

of— ,"51,  140,  214. 

of—  17.  542, 

!.    618,    626, 

687  ;  magnetic,  621 ;  —  producing  Flow, 
rosentationof— I 

51  ;  Lines  of  — ,  184.  oraag- 

B1 1.  618,  direction  of,  614  ;  nag* 
Wi,   their  direction,  621  ;    Mag- 
netic — ,  620  ;  Moon*  -,  19, 

34-38;  Paralleleplpedon  of   — •,    141; 

Parallelogram   of   —a,  ,,'OB  of 

— a,  141  ;  Resultant   I  ,  538, 

552;  Triangle  of  — s,  141  ;  Tnbe. 
185,  536,  B  Tulica  <>f  — ,  185 

itions,  410-414,  1 1 1 
Forceps,  161 

03;  Perception  of  — , 
531 
■ 

Foucnult's  Prin- .iple,  474 
Fourier  motion    ( .. 
pounded  of    commensurate    S.I1.M.'»), 
100  {Fourier's  Theorem),  378,  380,383, 
399,  400 

vibrat- 
ing string  -. 
Fragility.  'J  II 

Fraunhufer  Lines,  448,  458.  508 
Free  Charge,  542 

.   1(10-410,  114 
Freezing  Mixture,  220  ;  —  I 
B     n.419 
[oency,   110.  400,    444 

Etlur- waves,  445-449. 
Fresnel,    479,   481,    433,   502;    Pretnail 
i  M8 

.  361,  401;  —at 
170;    Coetl 

1    — ,    i«9>; 
special  coses,  170-174;  — between  i 
a  ralliuit  body,  189, 
meter.  174  ;  —  within   Fluids,  284  J 
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between   Solid*  and  FlimU.    170;   —  • 

106,  by  vibrating  reeds,  408.  by  vibrat- 

Wheels  1 

■     . 

Friction*!  Electric  Machine 

Elongation  in  — ,  81 ;  Energy  in,  vary- 

Fringes, 186 

ing  as  (amplitu 

Frothing,  258 

I      tiO.1 

Function,  15,  81 

in    11.  M.,   HI  ;    l'].:i- 

Push,  6J7 

of,  82  ;  Resolution  of,  94,  10] 

Fusing  point  anVted  by  Pressure,  222,  354 

Harm" 

Fusion,  335,  354 

Harmonic,  382.  804-606,  437,  439 
Harmoniui                         107,  416,  187,  439 

Oaulio's  Principle,  4  ;  his  Doublet,  52S 

Hunnony,  883,  4^7,  439 

Gallon,  13 

Harp,  415 

Gah                   !28 ;  Galvanic  Battery,  Cell, 

Harpsichord,  402,  415 

i'.  Element,  Pile,  563;   +   ami    - 

:     1 

,  562 

Head  of  water,  279,  288  ;  ofagas,  306,  310 

<;.l                    588,  846,661  ;  B 

Heart,   Valves  of,  322,  894  .   \v 

882;  —  .Constant,  061 ;  Differential  — , 

by,  297 

650,663 ;  Helniholtz'a  — ,  M  1 

Heat,    46,    232,    325;    Aloinir       .   310; 

DeMof-,  633 

Coudiu-tiou  at,   878,   in  gases,   884  ;  — 

Gas,  213.       >;                     rod     i  k*«,  306; 

produced  byElectrii                            I  Low 

Elasticity  of  gasw,   301  ;  Radiations  of 

of  — ,  374  ;  —    ft                     Material 

— ,  459 

theory   of,    326  ;     Molecular   — ,   340  ; 

Gat-battery,  610 

—                                             diant   — ,   47. 

.t-on  its  hinges,  161,  201 

445;   —  Rays,   446 

■  lin's  Curves,  573,  .'-7  1 

339                   rrum,  450.  463.  494,  663 ; 

Gauges,  20  ;  Bteam  Gauge,  274 

Transference   of  — ,   373  ;  Transport   of 

-*,  621 ;  his  Lena-sy»leiu-method,  498 

-. 

Gcsssler's  Vscunm-tubw,  60S 

Heavy.  201  ;   Heavy  Liquids,  268 

General  properties  of  Matter,  204 

Height    to   which    a    body    riae*  -=  \*ftg; 

Chuicr  flow    (1)  Creeping,  350:   (2)   Re- 

equation  Hi.,  p.   1.' 

gelation,  355;  (3)  Viscoait) 

o=  -.; 

Gradient,  Tesopermtmre-,  371 

Hidmholtz 'a  Galvauomctcr,  661 

Gramme,  13;  grain me-etom,  irrariiine  mole- 

Henry  ■  Law,  305 

cule,  341  ;  gramme-equivalent,  607 

ntgeneoua  Condtn 

Graj                        —m.),  228 

lb.iw  body,  Expansion  of. 

Graphic  representation  of  Energy,  51,  362 ; 

Homogeneous  Atmosphere,  822 

of  Force,  51 

BosBOgsw                           .'»84 

Gravitation,    42,    230  ;     Law  of  — ,   | 

Homogeneous  Light,  449 

rrtwnrt.inn.imi 

Hooka's  Law.  239,  246,  247,  438 

Grei 

Hopkiuson,  548 

ation                  191;  Measurement  of  f. 

Horizontal  0                    of  Terrestrial   Mag- 

84, 191  :  '■'  traof— ,  73.  19*2;  i 

netic  Force,  623,  627 

—  on  ROW,  i'7S  ;    Intensity  of  -  -,  U 

Honi- bands   Huhmmi,  414 

Oram  691 

Horsepower,  41,  592 

Groves  Call,  567 

Hughes,  681 

Humidity,  361,  428 

itar,  415 

laalic  Press,   20,  268,  309,   689  . 

<;>,i 

Ram,  143.290;  —  I 

Gunpowder,  II 

llv.Inwtn,   a    poouiblo    basis   of   oleim 

Gyration,  Rad>> 

20:.                           ;   alloy  with  pal 
diu-                                                         it 

Har.MODnoMocntuii. 

09,  801  ;  Baal  ato 

Haemodr                    .'05 

■    \ 

Use  root  i 

■ 

Hall's  experiment 

etafl                               uud-wa  ve- 

iock, 14  1 

il  ydroi 

Hardness, 

. 

Harmonic  Curre,  83  ;  —  Engine,  141  ;  — 

'295,  812  |  -  Pressaro,  267,  Kl  ; 

Telegraphy,  651 

Stress,  21 0 

Harmonic   Motion,    70 ;   Arrderatio- 

Hygrometer,  360 

proportional  to  DiepUccmetjt,  81,  400  ; 

<y  of  Heart,  288,  300 

Amj  i                                              \ngttlar 

Hypotheso,  8 

VoIch  ■ 

80;  Composition   of,    85-101  «     II. M  \ 

lot,  Fualoi                                                Bra, 

: 

compounded  by  Blackburn's  pen 

854;  Latent  Heatof,335;  Viscosity  of,  355 
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Iceland  Spar,  510,  511,  513 ;  ox  a  Dielec- 

trie,  548 
Image  in  Mirror,  4*.r>  ;  real,  488;  virtual, 

4S7,  468  !  —  of  Lena,  real,  494,   496  ; 

virtual,  495,  497 
Imaginary  Electric  Matter, 
Imaginary  Magnetic  Matter,  620 

tion.  261 
Impact,  145-147 ;  Vibration  on  — ,  1 

248 
Impenetrability  of  Matter,  203 

imperfect  B  247,  249 

f)MlM'!-.f,      |9 

Incandescent  Lamps,  601 

I  ugle  of,  118,  124 ;  Plane  of  — , 
479,  481,  483 
Inclination  .  627 

Inclined  Plane,  163  ;  Fall  down,  164  ;  Pull 

up  :m   — ,   ]  72 

.  484 

Indiarubber,  247,  335,  349,  526 

Indestru  tiliiliu  of  Energy,  7  ;  —  of  Mat- 
ter, 7,  203 

Index  of  Refraction,   124,  480,  484,  490, 
503  ;  (for  X  =  oo )  657 

Indicator  Diagram,  53,  362 

Induced  Magnetisation,  Coefficient  of,  629 

Induction  :  —  -Coil,  603,  641  ;  Coefficient 
of  Electrostatic  — ,  560,  662 ;  Electric  — . 
545;  inductive  capacity,  548,  551, 
552  ;  Electromagnetic  — ,  635-654,  656  ; 
Magnetic  — ,  028  ;  line*  of  niagn< 
629  ;  coefficient  of  magnetic  —.629,  683, 
635  ;  general  problem  of  magnetic  — ,  633 

Inertia,  5,  143;  cxampb  a   1  K>  ;    Moment 
of—,  150,  623 

Infinite  (oo),  57 

Insulation,   5:57,  541 

Integration,  65 

Intensity  of  Current,  678,  583  ;  measured, 
582,  661  ;  — of  wave- mot  ion  it  a] 
115  J  —  of  Gravity,  29  ;  Magnetic  — , 
621  ;    —  of   Magnetisation,   622,  629 ; 
—  of  Radiation,  475;  — of8oun< 
!  :  —  of  Tension. 

Intensicv  ol  S.  If.  M.  (*  Energy  or  (Ampli- 
tude)*), 138,  380 

Interference  of  Waves,  134 ;  of  Ether- waves, 
501  et  xq. ;  of  Sound-waves,  426,  428 

Intermolecular,  334 

Internal  Work,  334,  344,  345-348  ;  in  Air, 
etc.,  346,  347 

lutvrvali  (musical),  388 

Intramolecular,  331,  334 

Intrinsic  Energy,  47,  281,  330 

Inverse  Squares,  Law  of,  175 

Iodine,  461,  462,  463 

Iridewrence,  505 

Irradiation,  531 

Irrationality  of  DfanmlOB,  493 

Isochronous  Oscillation-,  r.f  Elastic  bod  v,24S; 
of  Pendulum,  33, 197 ;  —  8.  H.  M.\  83 

Isodynsmic  Surfaces,  187 

Dial  Lines,  363  ;  —  Surfaces,  374, 
551 

Isotropic,  111,  509  ;  (magnetic)  630 


Jblly,  a  Solid,  21 1 ;  the  Ether  like  a  — ,  i 
Jet.  71,  257,  279,  281,  282 
Joule,  47, 327  ;  his  Equivalent,  47, 328 ;  hi* 
intents  on  Gases,  345-347  ;  bis  Law 
of  the  Heat  produced  by  a  Current,  f 
".Joule  "=  lft*  ergs,  40,  592 
Jupiter's  Satellites,  79,  473 
Just  Intonation,  388,  440 


Kaleidoscope,  486 

Kerr's  experiment,  665 

Kettle  singing,  442 

Kilogramme,  12  ;  Kilogramme-metre,  40 

Kinematics,  56;  Kinetics,  189 

Kinetic  Eucrgy,  44  ;  —  Friction,  169  ;  — 
Theory  of  Gases,  230,  applied  to  Radio- 
meter, 836,  to  Spheroidal  State,  338,  to 
VH  ,  ny  of  Sound,  429 

KirchhofTa  Laws,  590 

Kt.ee,  166 

Koenig's  Mauometric  Capsule,  397, 409, 

Labvo-rotatory,  523 

Umpblack,  421,  461 
v.icLLoIdcr,  374 

Laryngoscope,  485 

Larynx,  144,  398,  440,  ill 

Latent   Heat,    820,  335,   339 ; 

Expansion,  344,  347  ; methods  of 

iiuetry,  373 

Lattoei  I  i,  568 

Law  of  Continuity,  277,  309,  651  ;  Law  of 
Electric  Attraction  an-i  u,  534, 

536;  Law  of  Gravitation.  188;  Law  of 
Inverse  Squares,  178 j  I«aw  of  Magnetic 
Attraction  and  Repulsion,  620  ;  Laws  of 
Motion,  5 

Laws  of  Nature,  1,  5 

Lcclanche,  666 

Left  hand  of  the  Current,  614 

anded  Polarised,  477,  478 

Length,  Measurement  of,  26 ;  Units  of  - 
Power  of,  495  ;  Reversibility  of, 

LeiiKva,  494  ;  achromatic,  500 ;  00 

494;  divcrgeut,  194,  497;  flexible,  498 

Lens-method,  Gauss's,  498 

Leux's  Law,  637 

Water,  271  ;  Potential  analogous 
to,  181,  183,  539 

Lew,  180-168 

Leyden  jar,  54 8,  549,  555 

Light,  47,  218,445;  product 
—  in  electric  lumps,   601  ;    mono 
matic,  449,   502,  505 ;  polarised,  476  : 
common  or  natural,  477,  620  ;  Maxwell'i 
theory.  218,  473,  656 
'201 
iing-conductor,    541,  594;  —  flash, 
distaiK-e  at  U8 

limiting  Angle  (in  statical  friction),  168 

Limits  of  Elasticity,  239,  247  ;  of  Hearing. 
436  ;  of  Magnetisation. 

Linear  Waves,  102;  Reflexion 

Line  of  No  Pressure  (Indicator- Diagram  L 

Lines,  Adiabatic,  363 ;  Isothermal,  363 


>f— .11 
of.  496 

IMfJMti 

le,  498 

alogMl 
r,  469; 

nocbr-  - 
L   476: 
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Line*  of  Flow,  277,  551 ; of  Heat,  375 

Li nes  of  Force,  184,  279  ;  Electric,  537, 
551  ;  Electromagnetic,  614.  617,  618. 

.    direction  of,  614,  out  across,  638  ;  Mag- 
netic, 621,  direction  of, 

Line*  of  Magnetic  Induction,  629 

Lines  of  Propagation  of  Heat,  375 

Line*  of  Slope,  187,  630 

Line-Spectrum,  459.  460 

Lippmonn,  535,  658 

Liquefaction,  220,    832,    354;    Liquefied 
air,  358  ;  marsh-gas,  209 
I,  237,252-300 

Lissajous'  Figures;  «.?.,  figs.  35-41 

Litre,  12 

•iing  a  Vibrating  body,  410 

Locomotive  Pulse,  290 

Logarithmic  Deere  men: 

Logarithmic  Increment  (in us.  pitch),   390, 
392 

Longitudinal    Vibration,    101,    106,   406; 
Compression  and  Displacement  in,  10y 

Loops  and  Nodes 

Loops,  suspended,  liquid  in,  271,  278,  320 

Loss  Of  Kncryv  of  Electrification,  645 

Loot  of  half  a  Wave-length,  123,  480,  504 

Loudness,  379.  380,  381,  393,  436 

Lubricants,  167,  170 

Luminiforon*  Ether,  218  (see  Ether). 

Luminous  Radiations,   I 

Lungs,  306,  III  J,  .114,  316 

Lustre,  531 

Lyre,  115 

Mac-hints,  Simple,  160 

Magdeburg  Hemispheres,  314 

Magnet,  619  ;  Solenoidal,  620  ;  how  made, 

631 
Magnetic  Axis,  619  ;  —  Declination,  626  ; 

—  Dip,  627  ;  —  Equator,  627  ;  —  Ether- 
vortices,  219,  654  ;  —  Field,  621,  626, 
ME  :   its  nature,  654  ;  —  Force,  620  ; 

—  Inclination,  627  ;  —  Induction,  628  ; 
coefficient  of  magnetic  induction,  629, 
633,  635  ;  general  problem  of  magnetic 
Induction,  633  ;  —  Intensity,  621  ;  — 
Lines  of  Force,  621  ;  —  Meridian,  624, 
626;  —  Moment,  622,  986 1  oi  sh-il, 
625  ;  —  North,  626  ;  —  Parallels,  627  ; 

—  Penuea  33  ;  —  Pole  (ter- 
restrial), 627  ;  (of  magnet),  620 ;  — 
Potential,  625  ;  —  Rotatory  Polarisation, 
654  ;  —  Screen,  633  ;  —  Shell,  625, 
626,  657  ;  »trength  oi.  .itial  of, 
62;'.,  626,   657,   658  ;  —  Strength,  620 ; 

Honu,  627;  —  Suaeer-: 

—  Tick,  632  ;  —  Twist,  631 
Magnetisation  :  Induced  — ,  C«»ent.  of,  629, 

Intensity  of  — ,  0  — ,  631  ; 

Residual  -,  628;  Webers  Theory  of,  631 
Magnetism,  47,  619-634 ;  nature  of,  619, 

633,  634  ;  terrestrial,  626,  627 
Magneto-*:  <  Ml 

Magnetoatetry,  0 
Malleability,  241 
Malleus,  431,  432 


Manometer,  273,   302,   309 ;    nanometre 
metallique  inscripteur,  275  ;   m.  compeu- 
eateur,  Sffl 
Mari.  -Davy's  Cell, 
Marine  Engine,  87 
Marsh -gas  liquefied,  209 
Moss,  12,  201,  230  ;  Measurement  of,  34 
Massive,  201 

Mathematical  Formula,  15 
Matter,  2,  7,  201  ;  iU  Constitution  :  chemi- 
cal  views,   222;    physical  view 
Essential  properties  of  — ,  201  ;  extension 
of,   203  ;    impenetrability  of,  203  ;    in 
'Ctibility  of,  203  ;  General   proper- 
ties h  .,  1 42,  204  ;  "Stent  12, 
21,    181,    204;  divisibility,    204,   222, 
229;  porosity,  205;  density,  205;  Per- 
ception of  Mattel 
Matter,    Imaginary,  535;    Mag- 
netic, 820 

Ban  Density  of  Water,  334 
Maxwell   on  Fnrcc,  633;  — 's 

"Demon,"  50,366;  Discs,  530;  "Elec- 
tive Intensity,"  540,  552;  Theory 
of  Light,  21 S.  473,  656;  Theory  of  the 
MagniwVi  Ki.-l.l.  655 
Mean  Free  Path,  234,  258 
Measurement,  1,  26;  — of  Adhesion,  36; 
Calorimetric  — ,  372;  of  Density,  206- 
209,  ;i52;  —  of  RM.D.P  . 

563,  591 ;  of  Expansion,  350;  —  • 
of  liquids,  293;  —  of  Flow  of  gases, 
311  ;  —  of  Force,    84-38;  —  of  g,  the 
acceleration  of  Gravity,  86,  191*1  Of  In- 

I 
661;  —  of  Length,  26;  —  of  Liquid 
Pressure,  278-276;  —  of  Masa,  34;  of 
Magnetic  Moment,  623;  —  of  II,  the 
Atmospheric  Pressure,  322;  of  Pressure 
in  a  Stream,  294 ;  of  Refractive  I  u  dices, 
490,  491 ;  of  Resistance  of  a  Battery, 
592;  of  Resistance  to  electric  Current, 
591 ;  of  Resistance  of  a  Galvanometer, 
592;  of  Soap-film  Tension,  36,  256;  of 
Surface,  31  ;  of  Temperature,  368 ;  of 
Time,  33 ;  of  v,  the  Telocity  of  propaga- 
tion of  an  electmmagntttio  disturbance, 
•fVapour-dennPy.  .locity 

of  Liquid  Stream,    294;  of   Velocity  of 
Sound,  427 ;  —  of  Velocity  of  Wave-mo- 
| .  _  0f  Volume,  32 ;  — 
ive-Lengths  in  Khar,  503,  508;  of 
■  ing-balancc),  86 
Mechanical   Equivalent  of  Heat,  328;  of 

Sound,  441 
Mechanical  Powers,  160-167;  with  friction. 
172 

«.  42 
Megadyne.  20 
Megalerg,  40 
Megavult,  660 
Megohm,  660 

i  Experiment*.  405 
pflfBt  of  M 
Membrana  Baailaris,   434,  437;  0k  Tyro- 
I>ani,  431,  439 
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1  L  307; 

ition  of,  free,  134,  410,  forced,  413 
v,  Expmsiun  of,  352 :  Facing  poiat 
of,    354;   —   Thermometer,     :i-i9;    — 
,30 
'.';  Magnetic  — ,  624.  626 
Met*]:  ,    166,  483,  618 

Habit,  Colours  of,  466, 186;  Contact  of,  558 
Meteoric  Dust,  49;  Meteorite*,  49 

od  of  Mixture*,  372 
Method  of  Oscillations,  38,  550 
Method  of  Vibrations,  023 
M  ■',,..  hi 
Mho,  581 
Mica,  520 

Urad,  660 
Mi  rohm,  060 
Itkrophone,  582,  649 
IBflTMOOM,  r.  127 
Mj.-rovolt,  060 
Mini  mum  iVvi  ■■ 

Mirrors,  486;  concave,  486;  convex,  488; 
flexible,  489;  routed,  486 

Mis,:  LiqTrlds,  261 

Mixture  of  Colours,  629 
•11 

Modulua  of  Suj  i  B 

Molecu  'lire  of. 

1 
235  ;  Size  of,  229,  234  ;  \    I    ;iv  of—. 
238;  —  i:  800,  144,469 

Molecular  Asymmetry,  228,  444,  524  ;  Dis- 
tance of  —  Action.  247  :  —  Forces,  236- 
239  ;  —Heat,  841  ;  —  Kinetic  Energy, 
386  ;  —  Kefractive  Power,  491 

Moment :  of  a  Couple,  158 :  —  of  a 
153,  156;  —  of  Inertia,  160. 
Magnetic  — ,  622:  it,  603; 

i  M.'s,  156, 160; 
245,  623 

Momentum,  6,  14,  19,  20,  145,  326 :  of  a 
in,  Uo;   — in  Impart,  145-117;   in 

tlm  Electromagnetic  Field,  639 
Monorlnii  I.  iQSt,  414 

.Mi.iiiurln.iin.iiir  Light.  449,  502,  505 

Morse-codv. 

Motion,  14 ;  in  a  Circle,  57,  77  ;  hi 

paths,  68;  Laws  Of      ,  5  ;  The  Perpetual 
— ,  7,  183.  —  parall  I 

across  Equipotential  Bl  J,  184 

Momentum,  6, 14, 19, 145,320 
ity,  50 
Multiple  Proportions,  Laws  o\ 

:  Breaking- weight  of,  243;  Diffrac- 

| rating,  508  ;  Extensibility  of  — , 

242;  Ueehi  -id  vantage,  161;  — 

und,  396,  436 

Musical  Box,  416;  Intervals,  388;  NoU- 

,  386 
Mutual  and  Repi. 

rents,  638 
Mutual  Induction  of  two  Charged 
.'.  50,  552  ;  —  of  N  .  039 

NKJATms  Crystals,  513 

Negative  Electric  Charge,  634  (resinous) 


Negative  Pole  of  Magnet  {south  seekin 
Ire  Pressure  in  Thorax,  816 
■ml-.  434,  I 

Neumann  and  MacCullagh,  483 

Neutral  Line,  _'l  I 

Neutral  Point  (thcrmo--! 

Newton's  Laws  of  Motion,  & 

liin  Liw  or  Cooling,  370  ;    L-iw   r 
versal   Gravitation,    190 ;    his    Law    of 
r=VK//>.  249,   342;  Newton's  Rings, 
504 

Niagara  FalLi,  327  ;  F.nergy  oi 

Nicol'a  Prism,  513 

Nubert 

Nobili'a  Rings,  610 

Nodal  Lines,  409;  Nodal  Points,  100,  131 

Nixies  and  Loop*.  131  ;  —  in  a  Membrane, 
133;  —  on  Mnnoriiord,  405  ;  - 
Organ-ptpe,  417  ;  on  a  vibrating  String, 
404,  407 

Not 'a  Thormo-elr  .'.75 

Noise,  382 

Non-conuneniurahle,  91,  98,  101 

Non-conductors,  541  ;  Oontaet  <>f,  559 

Non -conservative  System,  43 

\on-polnrisable  I  'ill 

Normal   to  Wave-front.  Ill;  Propagation 
•long—,  101,  128,  135 

Note,  383 

OnoK,  417 

Ohm,  328,  679,  653,  060,  664;  the  Con- 
gress Ohm,  681 
Ohm's  Law,  679,  585,  594  el  jnuin 
Oil  in  painting,  464;  on  waves,  259 
Opacity,  460 
Opalescence,  466 
Open  Circuit,  561. 
Opt  n  $ua,  §33 

Opliiclei.le,  419 
Ophthalmoscope,  528 
Opposition  of  Plume,  4 1 1 

i  Density,  I72j  ".  measurement  oi 
I.-. -Hi.  ;:i 
Ordinary  Ray,  611 
Ordinate,  11 

Organ:   —  -pipe,  878,   411;   Open,    417. 
-  -reed -pit*, 
416 
Oscillation,  38,  380 ;  as  a  moans  or  mea- 
suring Force,  38,   198,  656;   Centre,  of 
— ,  152 ;  Frequency,  400  ;  — a  of  a  mer- 
cury-column, 143:  of  Molecules,  826 

movements  of  Synterosi  of  Par- 

Qaeu!-.  .  78 

OjtmoM- 

iiun.v,  ];; 

Outflow,  27fl,  S83;  from  elastic  tuba*,  j 

.  1^3-195 
Oxygen,  condensation  of,  216 
Ozone,  condensation  of,  216;  I  Tmation  of. 
604 

|  pherlc  pressure,  317 

Pacinotti's  Induct*   , 
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rage-Effect,  G19 

of  i                       Or^.m-pip                  •  iria- 

Palladium,  303,  610 

tiona  of  —  with  Temperature,  41-S 

Parabolic  Mirrors,  120,  486;  —  Path.  71 : 

Pitot'a  Tubes.  98a 

—  Surface  of  rotating  Liquid,  160,  878 

Plane   in    Space,    Pendulum    swinging   in 

Parallel  Beam,  115 

fixed,  144  ;  Wheel  rotating 

Parallclcpipodon  of   Accelerations,   67 ;   of 

Plane  of  Incidence,  479,  4S1,  483 

For--.-',  ill,  a                  -.  66 

Plane  or  Polarisation,  476,  479,  483.  513 

Parallelogram  of  Acceleration!!,  67;  —  of 

Plane-polarised,   476,  514,   516  ;  detected. 

•-,   141;  experiiacutal  proof,   140] 

sum,  483 

—  of  Velodtiea,  59 

Plane  Wave-front,  113                   .  117 

Paramagnetic,  628 

Plant. 

Pari*  i ,661 

Pla.st 

Partially-poUrteed,  478,  AM;  detected,  519 

Platen,   Vi'                       109 

Partial-,  (i.e.,  Harnn                          139 

MUX,  US 

Paacala  Principle,  267 

292 

Peltier'a  Effect,  598,  599,  6 

Polarisation,  476  ;  Pli               Bttpttoe], 

Pimdulum,  33,  35,  144,  192,  195;  Balle- 

Circular, 477,    Partial,   478;  Rotatory, 

tic   — ,    199;    Blairkhurn'a,    196;    Com- 

471'; Angle  of  ('on-                  J8j  Plane 

pensation-  — ,  35";  •                       t  198; 

of  — ,   47o\  4  79.  483,  514;    Magnetic 

ft],  79 ;  energy  of,    138 ;    —    For- 

064 

mula.  197,  623;  — oscillations  Ifochron- 

PolarUati' m                        58  ;  —  of  ■ 

■  '■'■i,  197;   — movement   Harmonic, 

■■I**,  610;  ..;                  0»0,tl 

84,  196  :  i                                .  107.  of 

current,  till 

— ,  198;  S<>                   -,.195; 

Polarised  Light,  108,  476;  to  detect,  519, 

done  in  B0                       pic  — ,  198 

Penumbra,  505 

Potato,  478,  61  i 

Pereoption  of  Colonr,  529;  of  Form,  531; 

Pole :  Magnetic  of  Earth.  634  ;  of  Magnet, 

of  M                       J30 

619,  610,  634  :                    .682 

Percusiiun,  Centre  of,  152,  198 

Polygon  of  Aoaslsmttam,  67  ;  of  Forces, 

Perfect  G 

141  ;  of  Velocities,  65,  61                   ly- 

Ml 

gou,  07,  141 

Perfect  Elasticity 

B05 

Perfect  B                                        866 

1  ->•  rial*,  513  ;  DirootSon  upward*. 

Perfect  gaa:  <l                     ':   Internal   f«A 

or  to  the  right,   1 1  ;    D                            tro- 

in,  34:. .  No  Physical  Gaa  Perfect,  346 

niagnclic  Line*  of  Force,  614,  of  nmgm  1 

Perfectly  Conducting  Molecule*.  634 

621 ;  —  Electrical  Charge  (vitreous),  534 ; 

•d  of  S.H.M.,  81,    380;    of   Wave- 

Mutual  Action  RepsMvo,  177;  —  Pole  ol 

motion,  lli 

the  Earth  (Antartic),  634  ;  —  Pole  of  ■ 

Periodic  Curve,  101 ;  —  Function,  81 

of 

ignatic,  62!' 

a  Circuit,  HI 7 

.     183,  331,  355 

Potential,  51,  179.  279,  5:17.540;  Analogy 

Phase  in  S.  II.  M.,  81 

of  Sea  Level,    |                              vcl,    1 83, 

autograph,  398 

539;    Analog)'   of    Temperature,    540; 

Phonograph,  399,  -113 

Absolute  — ,  687  ;   AUnlutr  Zero  of — . 

Phonomotor,  423 

181  ;  At                                            ,  through 

Phosphorescence,  468,  501 

Zero -value,   180; 

Pnovphoroftcopo,  468 

-6,    608 :    pro- 

[•hOTUi 861  ;  —  vapom 

duced,   557-57                                      ITer- 

-'►00 

eoce  of  — ,  537.    57-;    Beetrieal  — . 

ioim,  398 

.  - 

Photometr                               ,475 

Line,  684,                                  Magnetic 

Pbotopbone,  582,  649 

— ,  625;    —  of   Magnet!.'   Shell,   625. 

l'livsio'.orv,  1 

626.  657.                                ami    Negative 

Pianoforte,  388,  880,  393.  402.  415 

.   180 ;    The  — ,  540,  557  ;  Zero  — , 

Piccolo,  418 

180,  LSI 

Piejwroeter-tuhc,  273,  286,  310 

Potential  K   ,      ,.,  |2  14;  in  case  of  Ropul- 

Figment*.  530 

rion.                    180 

li!  ,  1     ivaiuc,  563;  Thermo-electric,  501, 

;   Poundnl, 

574.  575 

:vrent  Substance. 

Phil 

. 

Pipette.  318 

Prac!                                                '581.660 

Piston,  39.  B4,  214,  221,367 

.512- 

324  ;  of  Ether- wave*,  526  ;  in  a  Oae  = 

Pitch    of    a    Sound,   381.                 n  trice) 

eoefft.  of  abut.,  301,  361 ;    in    Gaeee, 

speciScali-                                           1;  —of 

213,   309;    by   Kinetic    Theory.   8S 

vibrating   E                                         nations 

pressure  and  volume  in  gates,  215 ;  — 
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produced  by  Heated  Solids,  348  ;  dim- 
inished in  Fluid  in  Motion,  311 :  — 
-Head,  287,  309  ;  —  Line,  288,  310 ; 
—  in  Liquids,  267,  551 ;  in  Heavy 
Liquids,  2(18;   measurement,    S3 

Saturation ,  358  ;  —  in  Stre.n, 

293  |  —  in  Vibrating  Fluid,  311 

Provost' i  Law,  465 

Print- ipal  Focus  of  Mirror,  487  ;   of  Lens, 
495 

Principal  Section  of  a  Crystal,  509 

Principle  of  Momenta,  155,  160 

Priam,  450,  457,  490:  Nieol's,  514 

Projectile,  Path  of,  190 

Projection,  82  ;  of  S.H.M.,  82 

Proof -plane,  56  i 5 

Propagation  of  Sound,  419-430;  of  Waves 

along  Normals,  114,  128,  135 
Properties   of  Matter :    Contingent,   205  ; 

Essential,  201  ;  General,  204 
Proportion,  Fixity  of  (ehem.),  222;   Mul- 

titpb  ProjKirtions,  JHM 
Ptolemy's  Law,  129 
Pulleys,  165 
Pulse-wave,  298 
Pnmp,  318,  321 

Putting  to  Earth,  596,  665,  666 
Pythagorean  Intervals,  392 

Quadrant  Electrometer,  554 
Quadruples  Tulugrnphy,  651 
Quality  of  Sound,  381,  894 
Quantity  :  Cells  arrangedlin,  585  ;  I 
633,  552;  Unit  of  {C.i 
583,  (C.G.S.  Electro magnetic),  660,662, 
(Practical),   583,660;  —  of  Matter  = 
Mass,  12;  of  Motion  (=3| omentum),  6, 19 
Quarter-undulation  plate,  617,  520 
Quartz  as  a  S  18  ;  —  Prisms  and 

Lenses,  450,  461,  467  ;  —  in  Rotatory 
Polarisation,  522 

Radiant  Heat,  47,  218,  325,  376,   445, 

500 
Radiant  Matter,  218,  603 
Radiation,   376,   443  :    from  a  hot  body, 

452  ;  from  Gas  and  Vapour,  104]  j 

Liqn.  >1r,  459;    Exchange  of 

itious,  453 
Radii  of  Earth,  191 
Radiometer.  336 
phony,  421 

>f  Curvature,  78,  147  ;  of  Gvration, 

150 
Railway  Wheels,  172 
Rain,  324 

Raintow,  492  ;   Raindrops,  584 
Raindrop,  238,  492;  Friction  on,  172 
Rarefied  air,  Sound  in,  379 
Rate  of  Change  of  Momentum  =  Force,  19, 

155,  232 
Ray,  115,  128;  Kinds  of  Radiation,  446; 

Ordinary  and  Extraordinary,  511,  619 
Reaction,  6  ;  — ,  Action  and,  23 
Real  image,  488,  496 
Reciprocal  or  Reciprocating  Motion,  86,  87 


Recoil,  283,  310 

1  Length,  5S2,  587;  —Resistance, 
582,  587 

Reduplication,  Principle  of  (in  pulleys), 
166 

Reeds,  vibrating,  407,  408,  416 

Reference  to  Axes,  66,  67 

Reflexion,  115-122;  Angle  of  — ,  118, 
480  ;  —  of  Etli  I  79  ;  Metallic 

— ,  465,    483,  518  ;  —  of  Sound-wave*, 
423,  424;  Total  — ,  4M 

Refraction,  123-128,  202  ;  Angle  of  — , 
124,  480;  —  of  EthLr  wave*,  479,  489; 
Index  of  — ,  124,  480,  484,  490,  503 ; 
of  gas,  491,  nf  liquid,  490,  of  solid,  490, 
for  X  =<»  657;  —  of  Sound-waves,  426; 
Total  — ,  482 

Refractive  Power,  Molecular,  491 

Regulation,  I 

Relaxation,  Time  of,  212 

Relay,  848 

Replenishes  Thomsou'a,  577 

Repose,  Angle  or. 

Repulsion  conventionally  Positive,  177  . 
Direction  of,  638  ;  Potential  Energy  in 
case  of,  177  ;  Work  done  hy,  178 

Residual  Magnetisation,  628,  64(1 

Residual  Battttataa*,  248 
;-.  (negative),  MM 

Resistance  to  Electric  Current,  578,  mea- 
sured,   591,  663 ;    —   to   Deformation, 
,    Torsion,   248,  24  4,   245  ;    —    to 

Flow,  284,  287  ;  —  to  Traction,  171 
Resolution  or  Forces,  139  ;  — 

94, 101 ;  —  of  Velocities,  62  ;  —  ol 

tions,  longitudinal  108,  transversal,  106 
Resonance,  412 

Resonators,  383,  395,  396,  397,  441 
Restitution- pressure,  239,  246;   deferred 

— ,   248;   Coefft.   of    R  ,    146,    246,   of 

deferred  R,  248 
Resultant  Harmonic  Motion,  1 00  ;   —  Mo- 

ttOO,  59  ;  —  Force,  139 
Retina,  528 
Reversal  in  Thermo-electricity,  573,  699 

'.-  •■:■'  ,  ■■  f it.ii.  >'■:■ ! 

Reverse  Kit  ,  640 

Reversibility  of  Carnot'a  ideal  Engine,  365 ; 

of  Lenses,  495 
Rheochord,  Rheostat,  592 
Right-handed  Polarised,  477,  478 
Rigid  Body,  72  ;  degrees  of  freedom 

—  Solid,  210 
Rigidity,  210,  212,   243;   Coefficient   of, 

210,  245;  —  affecting  ,  401 

i  orations  of,  132,  407,  408 
Rolling  .1  own  Curve,  164 
Rolling  Friction,  173 
Rope  and   past.    Friction   bet 

Wetted  rope,  ft 
Rotating  Mirror,  486 
Rotation,  73  ;  Composition  of 

of  the  Earth.  149, 191 ;  Energy  of  - 

a  particle,  150,  of  a  mass,   151  . 

causing  —  constant  in  direction,  15$; 

Instantaneous  Axis  of  — ,  74  ;  of  s 


173; 
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ttnfd,  150,   272;  of    Molecules,   326, 

Soap-aim,  36,  229,  253,  306,  461,  503 

430  ;  —  <-f    Plrin.'  of  Polarisation,  22S, 

Sodium-flam. ,  4*7,  457,  465 

479;  of    I'l.ii..-  of  SH.M.,   ;.;. :   Axis  of 

Soft  Iron,  628 

Spontaneous — ,  162;  — of  a  Wedge,  172 

Softness,  241 

Rotatory  Polariaatiou.  479,  522.  DMgl 

Soft  Solid,  211 

654  ;  —  I'-vm  r,  588  ;  —  Vibration,  408 

Solar  Time,  9 

Rowland,  608,  657 

Soloil's  Saccharimeter,  524 

Ruheiage,  38,  245 
Rupert's  Drops,  288 

Solenoids  618, 661 ;  Solciioidal  Magnet,  620 

Solid,  210,  240-                    210  j  soft, 

Solution  :  Maturated,  260  ;  supersaturated. 

Saccharimeter,  524  ;  Soleil's  524 

260 

Sand-blast.  241 

Solution  in  Liquids  :  of  solids,  259,  333  ; 

Saponins,  268 

of  gases,  305,  332;  coefficient  of  M 

Sassafras,  505 

.  259 

Saturated  BofottOQ,  260;  —  Vapour,  216, 

Solution    of    Casus   in   solids,   303  ;    —  in 

up.  heat  of,  344 

gases,  306  ;  of  Solid*  in  gases,  306 

,  -558 

Sonorescence,  526 

Bran 

Sound,  47,  378 ;  Analysis  of,  394 ;  Propa- 

Seal-                 .  387 

gation  of,  393, 394, 421  -430 ;  Ve] 

Screen,    Electric,    551  ;     Magnetic,    633 ; 

steel.  249 ;  Wave*  in  air,  379,  398,  422, 

EffectofS.  OH  Wires,  136,  137 

.  649 

Screw,  29,  J'U,  17  J  ;  male  and  female,  29 

Sounding-hoard,  379 

Sea-levtd,  Analogy  in  Potential,  181 

Source  ami  ( '<um]i '"-. -r,  384,  600 

Sealing-wax  a  Fhli-l, 

8pace,  9;  D4aendoM  of,  9;  — trnreraed 

Second,  9 

ration,  63 

Secondary    Batteries,   Cells,   610-613;    S. 

Spark,  535,  536.  . 

rant  (Induction),  688  (Pohu-i- 

>i-  *ldng»trfl  Dpet,  880 

6i"                 ota 

Specific  ConductMty,  679;   —  Density, 

Seb                                  461 

206;    measurement  of.    206-209,  271, 

Mwdtt,  080 

272 ;  —  Gravity,  206 ;  8p.  gr.  bulbs. 

Selenium.  526,  582 

327,  339,372;  at  const 

SalMndii Hon  :  Current*,  5<.»4,  639  ;  Mag- 

vol., 3  41,  344;  at  const,  pressure,  341. 

netic,  629 

344;  ratio  of  spec,  heats.  342;  —  In- 

Self-Rep                     of  Hydrogen,  237,347 

ly,  548,  552,  of  dielectric 

Semitone,  true  (|f),  388;  so-called  {\i\), 

=/!*,  657  ;  —  Resistance,  679 

888 

Spectrum,  450,  491  ;  abnormal,  494  ;  Dif- 

Sensitive Flaroea,  420 

fract  hm-  - 

itiveness  of  Galvanometer*,  633,  661 

mi- Analysis,  202,  458 

Separation  of  Electricities.  552,  558 

of,  644 

Seriea,  Cel!                            ;.  586 

i  A-ul  Aberration  of  lens,  498 ;  of  mirror. 

Sextant- Veru it  sT, 

487  ;   —  Form.  238  ;  —  Magnet,  89 

Shadow,  505 

—  Mut  ire,  121.486 

S.B                              ionic  Motion,  79.    See 

Spheroidal  State,  338,  570 

Bmnonl  M-.iion. 

Spherometer,  30 

Shear,  76 

.  178 

ii,  MajneMn,  625,  626,  657;    j»otential 

9 1 1 

of,  625,  626,  657,  658 

ngeL  303 

Shunts,  590,  607 

. 

Sidereal  Time,  9 

Squares,  Law  of  Inverse,  175 

Siemens'*  QotnaMfr  160 

Stability,  199 

Simple  Machines,  160 

Standard*  :  See  Unit*  ;    —  Resistance-coil, 

Simple  Pendulum,  192,  195-198 

i,  691,  664  ;  —  Condensers,  667,  664 

Simple  Rotation,  78 

Stapes.  432 

Simple  Translation,  72 

Stars,  Twinkling  of,  608 

Simultaneous  Cause*,  4  ;  —  Currents.  650  ; 

State*  of  Matter,  209 

—  Forces,  139 ;  —  Motion*,  4,  69 

.Static  Charge  of:.                   .  549.  692 

Btni  Qdfn natter.  «•:•; 

187 

Sines,  Curve  or,  83 

Stationary  V                   131 

8lnK                      420 

8teadyFlow  of  Heat, 

8t#adlne*A  of  flaw, 

Skew-polygon,  67,  141 

let  Issuing  i 

Sky.  466 

air.  316  j  Steam-engine,  48,  327,  365,  367 

Sin               188 

Stereoscope,  631 

Sliding  Condenser,  549 

^cope,  394,  421 

Slupe  :  of  Potential- Line,  584.    687,  594  ; 

Stokes's  Law,  466 

"Lines  of  — ,"  187,  630 

Stopping  Component  Vibrations,  132 

G86 


Storage  of  Energy,  01 2 

Strain,  23,  75;  homo  I]  Strain- 

ellipsoid,  76 
Stream- Linos,  277,  551  ;  Streams  of  Liq 
Work  dOM   in    keeping  up 

—  of  Gas,  309 

Strength  of  Magnet,  620;  — of  BagMittft 
;  of  magnetic  Shell,  625.  867  : 

—  of  Materials,  238  ;  —  of  Structure*, 
250 

Straw,  22,  42,  141,     .  of  — , 

23  ;   Moasurem.-r  :    -,   Eleotrh , 

819,  Hypostatic, 

210,  240,  278 

Ing  Distance,  527,  535,  542 

String-Organ,  416 

String,  Tension 

,  \i  tattoo  of,  400-406,  412;  when 
bowed,  401  |  plucked,  400,  402  ;  struck, 
402 

BMbotoopk  W  •'-,  280 

uuhr,  295 

Submarine  Cable,  549,  5M,  596;  —Tele- 
graphy,  049,  596.  uis 

Suction,  281,  315,  316 

Sulphurous  acid,  302,  338,  358 

Summational  Tone*,  439 

Sun's  Atmosphere,  450,  458,  460  :  - 
ergy,   49  ;  Sunlight,  49,  443,   450,  452, 
4;">.r»,    463 1     Suii.sct,    4S9;    Son's     l)iv, 
455  ;  Sun's  Temperature,  453,  455 

Sup  549,  592  ; 

—  Film,  237  ;  rwcoiity  of,  258 
Surf,  259 

8nrface  ;  —  Adhesion,  284  ;  —  Attraction 
of  a  gas,  304  ;  ('ell:-  oonptod  in  — ,  564, 
586  ;  Bqnipotential  —a,   161-181 
375,   .f.:i7,    551.    614,    618,   ij-2 

—  of  Falling  bodies,   189  j 

284  ;    in    Of  ■  •    00   tm   — j    "-'13  ;  Iso- 

dyn:u  7  ;  Leydcn  jarx  eouplod 

i  i  i  i    .  tt,  272; 

Measurement   of  — ,   31  ;  —  -T' 

237,  252,  281.  570,  measure 
Suscej'  .  629 

194 
Suspension,  Biiilor,  200 
Svi.fii.s...  ol  Bonnd,  897  ;  of  Vbwel-K 

441 
Syren,  374 

Tait,  23,  334,  679 

Tangent,  56 ;  Tangent  Galvanometer,  583, 

646,  661,  664  :  —Screw,  28 
Tangential  Velocity,  57,  1 17 
Toaimeter,  682 

Tcleirraphic  Ooofl  (Morse),  647  ;  —  Relays, 

648 
Telegraphy,  589,  647  ;  Deep-sea,  549,  596, 

648 ;    Duplex,    650  ;    Harmonic,    651  ; 

Quadruplex  — ,  651 
Telegraph  Wire.  549,  658 
Telephone,   436,  037,  649  ;  —  -Currents, 

649  ;  Wire  — ,  422 


Telescope,  527 
Temper.unf.nt,  Btjiul,  393 

338,  367,  540; 

Absolute  -.339,365,867; 

—  of   Condensation   of   Vapour,   360  ; 

il  -,  217.  -Gradient. 

374  ;  Measurement  of  — ,  368 

Tenacity  of  a  Liquid  Stream,  237,  320 

Electric  Surface-  — ,  536  ;  Coll*  e 
In  — ,  686  ;  of  S-  -  ulur  Motion, 

j 

.  448 
Terrestrial  Magnetism,  626 
Theory,  8 

Theory  of  1 1  ,15 

1  Capacities,  344 
ic  Balance,  501,  609,  663 
Thermodynamics  :  First  [aw,  998  ;  Second 
Law, 

Thermoelectricity.  571 
Thermo-ck.;,  ,  -  Pi*, 

gram,   572 ;  —  effect  in    Electric  Arc, 
'.  574,  676;    -  Tower, 

671  :       TAonnoeootoT, 

Thermolysis.  897,  281,  330,  341 

Thermometer*  :  Air,  369  ;  Mercury,  370 

Thermopile.      See  Thermo-electric  Pile. 

ThcrmoHCOpe,  368 

iivaiuw,  436,  535 
on'a  (Prof.  James)  Projiosition  a«  to 
Melting-point  of  Ice. 

Thomson'*  (Sir  Win.)  Groril  Ma- 

chine, 578  ;  his  Measurement  of  t»,  658  ; 
his  Quadrant   Electro i  j    — "» 

Repleni  h<  r,    577  :    hi*   Tl; 
Effect,  599,  ()".«;;  his  Volt 

1 

Ti.lt-.   t;,   190,  201;   Tiile-calculating   Ma- 
chine, 101 

Time,   9  ;  Measurement  of.    33  ;  Sidereal. 
9;  SolOT     0  :    Unit  of,  9  ;  'I 
laxation  in  Canada  Balsam,  212 

Tone,  383 

Torricdir*  Law,  279,  306,  310  ;  —  Vaeuam. 
317 

245;  Torsion,  38,  245,  628 

Total  Reflexion,  481 

Total  Refraction,  482 

Toughness,  214.  248  :  Elastic  — ,  247 
.'.70 

Traction,  171 

Transference  of  Heat,  373 

Transformations  of  Energy ;  46  tt  pmuim 

TrnuMtion  in  Music,  388 

Tnuiri  lecules,  326;  of  a  Particle, 

72;  of  a  Rigid  hody,  74 
,  461 

Transmiasibility   of  Fluid  Pressures,  387, 
309 

Transmission   of  Energy,  171.    174,   214: 
646  (electrical) 

Trammutatiou  of  Elements,  203,  204 

Tranap  D  '.  472 

Transpiration  of  Gases,  307 

Transport  of  Heat,  377 
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Transversal  Vibration*,  104-108,  400-406  ; 

of  Ether,  444,  472 
Towelling  of  Electric  Condition,  530 ;  of 

Ware- Pom 
Trevelyan's  Rocker,  421 
Trianglo  of  Aceelerati'-n:-.  67  :   "f  Force*, 
141  |  of  Velocities,  62 
419 
'.  103 
Trumpet,  419 
Tabes,  Oapfl 

\m  of  Plow,  651  ;  —  of  Force,  185. 
651 
Tmrinf-Fork  :  84,  J,  380,  385, 

896,  44)7,  412.  118,  422.  424.440, 
4  12  ;  Electromagnetic  Interrupter  for — , 
111,  648 
Tirh  Man,  508 

Twiit  in  a  Magui' 
T  wis  ling  Monica  t. 

I  muoAMWt'K  matter,  218,  603 
Ultra-red  Rays,  450 
Ultra-violet  Rays,  447,  448,  450 

Uniaxial,  500 

537,556,618 
Units    of  Ace-  18  ;    Angle,    71  ; 

Area,  12;  leal:  — 

I  ro«t»tic      CLO.8,      Bart 
or  C.  Gk  S.E.S.):   Capacity,   543,  552  : 

activity,  specific,  579 ;  Derwit 
Ihffcrviiee  of  Pol 

Force,   533,    552;    Inductive   c*j 
548.  .     579;    Q 

533  ;    Resistance,     679,    specili 
Electromagnetic    — ,   657  5    Magnetic 

it,  621 ;  magnetic 
620;  magnetic  Pole,  620.     Practical: 
Csjmcity    (Farad),    660;    Difference    of 

.  565,  660;  b 
(Ampere),  588, 660 ;  Quautity  (Coulomb), 
583,  660  ;  Resistance  (Ohm),  664.  — 
Energy,  40 ;  Expansion  [e  =  1  when 
length  is  «i. .u hi n\  |,  24  9 ;  P.  iroe,  20 ;  Heat, 
355  ;  Length,  10  ;  Light,  475  ;  Mas*,  12, 
astronomical,  1  -  i 

Velocity,  1 1  |  fotei 
l  .mortal  Gravitation,  190 

.   ■  0,    535  ; 
Kmiuy  in  tlir,  a  constant,  46 
Una*'  .10 

,  652 
U-tube,  271 

Vacuum,  220, 221,  445 ;  Discharge  through 
a  — ,  608 ;  —  aa  an  Insulator,  541 ;  Torn- 
celli's      .  317,  819,  824;         Tubes,  608 

Valves,  321  ;  -  of  Heart,  322,  396 

Va|Hjur  (1)  in  presence  of  liquid,  ready  to 
'i*e,  216  ;  (2)  saturated  or  unsatur- 
ated,   216  ;    (3)   a   gas   eonclen>i 
pressure  alone,  216 

Vapour-Density,  Measurement  of,  369 

Variable  Period,  593,  636,  666 

Variations  in  Difference  of  Potential,  186  ; 


in  the  Kirtirn  Magnetic  Force,  09 

Of  '  .   40,   191 

Varley's  Condense: 
Velocity,  14,  57,  58  ;  Absolute,  17  ;  i 

age  —  under  uniform  Accelerati 

Mean,  17,  89;  Relative,   V, 

16,67;  Variable,  16,  57. 
Angular  -  - ,  71  .   •..'hange   of   — ,    67  ; 

—  in  Curved  paths,  67  ;  Resolution  of  — 

into  Component- ,  >tial,  57, 147 

Velocities  :  Coinposi;:  •;  i>( 

more  than  two,  64  ;   1  Ion  of 

—,66;    Parallel 

of,     66,    '-7;    Skew  -  polygon    of,     67; 

Triangle  of  — ,  62 
Velocity  of  Ether- Waves   445,   473,  475; 

of  Propagation  uf   an   Elactromagoatlo 
Disturbance,  595,  656,  667,  660:  tneas- 
Bead,  287,  ; 
s     279,    I  —    of 

Particles  of  a  Oas,   233  ; 
426-429  ;  —  of  a  Stream.        I 
Transmission  of  Telegraph  Signals,  596 ; 
•X.  \< hXotfcm  in  a  pa,  84fl  ;  in  an 
elastic  solid,  849  ;  •  12? 

Vena  Contracta,  280 
Verni. 

laid,  ]>ressure  in,  311 

— ,  399-410  ;  fa  '1  — , 
410  414,  444:  ■ 

132.  379,   transverse,  95-108,  400-406, 
I  ndinal,  108,  406  ;  —  of  Dtata,  409. 
-  the  result  of  Elasticity,  1 46,  248 ; 
an  affecting  Electric  Discharge,  5  | 
of  Um  14,  471,  472;  of  Mem- 

-.134,410;  of  Mi  I,  326, 

444,469;  —  a*  affecting  Ma 
i  jgraphed, :: 
182, 407, 408 ;  Stationary  — ,  131 
•ouent  — a,  129 
,  Method  of  (magnetometry). 
. •/<!•,"  880 
VillarT*  Critical  Value. 
116 

i .  392,  401,  402,  404, 
115,  416 

Virtual  Image,  487, 191  i\kub,  496 

Vise.  !  liases,  234  ;  of  Ice, 

365 ;  o! 

Uanidato  lidu, 

248;—  • 

ficial    —   in    Uquid  B   gaseous 

streams,  307,  310 
Vis  viva,  479 
Vitreous  (poeitivo),  634 

,  440 
Volatilisation,   220 ;  uf  C,   Pt,  Ir,  601  . 
.  368 
566,  660 

Voltsmeter, 

Volta's  I  ilr.  562,  664,  569 

Voltaic  :  *<■■  Ualv 

218;  Measure- 


